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Summary
The predominance of epoxy matrices in the manufacture of high performance carbon fibre 
composites for aerospace structural applications is expected to continue well into the next 
century. Tetraglycidyl 4,4'-diaminodiphenylmethane (TGDDM) is an epoxy matrix 
system favoured currently for high performance aerospace structural applications. 
However, absorption of environmental moisture and its damaging effect on composite 
performance has been recognised as a major problem with epoxy matrices. This study 
describes the properties of a series of low water affinity epoxy matrix resins based on 
halogen-substituted TGDDM and the improvements shown in composite performance 
after oxidative and hygrothermal ageing compared with the baseline TGDDM matrix. 
Two other proprietary epoxy systems offering high temperature or improved hot-wet 
performance were also examined together with a proprietary low water affinity curing 
agent. The halogen-substituted TGDDM systems offered improvements in bulk resin 
properties which were also translated to derived composite properties with significant 
improvements in the retention of hot/wet ILSS and Tg compared with TGDDM. The 
effects of accelerated thermo-oxidative ageing followed by hygrothermal damage 
mechanisms which may be applicable to service operating conditions were also 
investigated. The C^-TGDDM system in particular can be regarded as a highly promising 
matrix system with improved hot-wet properties and features prominently in the 
experimental programme reported in this thesis.
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List of ahhreviations
Resins and curing agents
Trivial name Commercial name
BMI
Chemical name
bismaleimide
DDM Ciba Geigy HT972 4,4 ’ -diaminodiphenylmethane
DDS Ciba Geigy HT 976 4,4’ -diaminodiphenylsulphone
DGA diglycidyl aniline
DGEBA Shell Epon 825 diglycidyl ether of Bisphenol A
TGDDM Ciba Geigy MY720 tetraglycidyl 4,4’ -diaminodiphenylmethane 
or: 6zj[AjjV-6zj(2,3-epoxypropyl)
-4-aminophenyl]methane
CI2-TGDDM 0z5[2-chloro-iV;7V-6w(2,3-epoxypropyl)
-4-aminophenyl]methane
Brz-TGDDM ô/5'[2-bromo-A/;Y-6/5(2,3-epoxypropyl)
-4-aminophenyl]methane
CL-TGDDM 6fy[2,6-dichloro-AijV-6fj(2,3-epoxypropyl)
-4-aminophenyl]methane
TGPAP triglycidyl-p-aminophenol
XD7342 DowXD7342 ^r/y[4-(2,3-epoxy-propoxy)phenyl]methane
IV
1031 Shell Epon 1031 tetraglycidyl ether of tetraphenol ethane
1062 Shell Epon HPT®1062-M 4,4’-[ 1,4-phenylene( 1 -methylethylidene)]
ôw(2,6-dimethylbenzenamine)
1072 Shell Epon HPT®1072-M A) # '-tetraglycidyl-a,oc ’-bis (4-amino
-3,5-dimethylphenyl)-p-diisopropylbenzene
General
BMC Bulk moulding compound
CFRP Carbon fibre reinforced plastic
CRAG Composites Research Advisory Group
DMTA Dynamic Mechanical Thermal Analysis
E-glass Glass fibre (10-20pm dia.) used extensively for composite reinforcement
FTIR Fourier Transform Infra Red (spectroscopy)
GRP Glass fibre reinforced plastic
HPLC High performance liquid chromatography
ILSS Interlaminar Shear Strength
IM Intermediate modulus
Mach Speed of sound
MEK Methyl ethyl ketone
PAN Polyacrylonitrile
PES Polyethersulphone
PEEK Polyetheretherketone
PTFE Polytetrafluoroethylene
RH Relative humidity
RT Room temperature
SEM Scanning electron microscopy
SMC Sheet moulding compound
THF Tetrahydrofuran
T„ Glass transition temperature
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Chapter 1.
Introduction
1.1 General Introduction
Aerospace design engineers are searching increasingly for structural materials that are 
strong, stiff, of low density, and resistant to impact, temperature extremes and harsh 
environmental conditions. However, increasing strength and stiffriess is usually associated 
with a more brittle material, and strong traditional structural materials are usually fairly 
dense. Composite materials offer a combination of properties that makes the composite 
superior to each of its component phases, with combinations of improved stif&iess, 
toughness and strength.
Carbon fibre composites employing epoxy matrices are being used increasingly as primary 
structural materials in aerospace applications The impetus behind this rapidly increasing use 
of carbon fibre composites is the structural weight savings offered by their high specific 
stiffiiess and strength, improved fatigue properties, and potentially lower fabrication costs 
when compared with metal structures.
The choice of polymer matrix determines the ability of the composite to withstand the 
effects of temperature extremes and humid atmospheres, and influences the limits of many 
thermal, physical, and mechanical properties of the composite. The damaging effect of 
absorbed atmospheric moisture on composite properties at elevated temperatures has been a 
major factor in preventing their full utilisation in composite applications. Thus, 
improvements in matrix properties designed to counter the effects of extreme environments 
such as high temperature and humidity are required in order to raise the service performance 
of polymer composites.
1.2 Composite Materials
A composite is a multi-phase material in which the properties of the continuous phase or 
matrix are enhanced by distributed fibrous or particulate fillers. Reinforcements are 
typically continuous fibres, short fibres, whiskers, and spherical particles. The structural 
properties of a composite such as tensile strength and stiffness are dependent primarily upon 
the type of reinforcing fibre used, its volume percentage in the composite, the distribution
and orientation of the fibre, the adhesive bonding forces between fibres and matrix, and how 
effectively the material is consolidated. The matrix phase supports and binds together the 
reinforcing fibres, and transmits the externally applied load to them. The matrix is typically 
a polymer, ceramic or metal. Although the fibrous phase provides most of the tensile 
strength and stiffiiess requirements, many composite properties are dependent upon the 
matrix. For example, with a polymeric matrix composite, the elevated temperature and 
damage tolerance characteristics are dependent to a large extent upon the nature and 
performance of the polymer employed, and the compressive properties are also strongly 
influenced by the matrix. The glass transition temperature (Tg) is a crucial temperature 
limiting property of a polymer matrix, being the temperature at which the polymer 
undergoes a transition fi*om a hard, glassy state to a softer rubbery state and accompanied by 
a marked fall in mechanical properties.
Many examples of composites occur in nature, such as wood which consists of strong 
flexible cellulose fibres surrounded by and held together by a stiffer material called lignin\ 
Early man-made composites include Egyptian (from 6000 B.C.) mud bricks made with 
straw reinforcement, bone and wood composite bows, and papier mache which was also 
developed in ancient Egypt and revived in the eighteenth century, especially in France for 
making furniture with paper^. The use of plastic composites commenced in the early part of 
this century when aircraft utilised fabrics doped with cellulose acetate to form stiff, 
lightweight surface skins. Phenolic resins, prepared by the co-reaction of phenol and 
formaldehyde, were developed in 1907 by Baekeland^. When reinforced with wood flour, 
they produced hard, light-weight, low cost mouldings (Bakelite), which offered good 
electrical and thermal resistance, and found numerous applications in casings and electrical 
appliances. Laminates were developed in the 1920s from cellulose paper or fabric 
impregnated with a solution of phenolic resin and hardened under pressure to form high 
strength laminate boards which were mostly used for electrical insulation, work tops and 
facing boards (Formica).
Modem composites date from World War II when glass fibre reinforced plastic composites 
were used to manufacture dome stmctures to house radar stmctures (radomes), and later 
used for interior fittings in aircraft. Glass fibre reinforced plastics offer a small weight
saving compared with aluminium, but significant cost savings in production have created huge 
markets for boats, storage tanks, fishing rods and sports equipment. The introduction of boron 
and carbon fibres in the late 1960's offered fibres with outstandingly high specific mechanical 
properties (i.e. tensile strength and modulus divided by density). This offered the potential for 
structural composite materials with significant weight savings and has ensured a continued 
expansion in the market for high performance reinforced plastics.
Carbon fibre reinforced plastics (CFRP) now dominate the market for high performance 
composite structural materials. Mass savings in the range 10-20% can be achieved by using 
CFRP rather than conventional aluminium alloys. Many aircraft primary structures utilise 
carbon fibre composites, current examples include the vertical (8.2m) and horizontal stabilisers 
of the Airbus A320; some 12% of the airframe weight is in composite materials, a claimed 
weight saving of 800kg. The AV8B Harrier aircraft utilises carbon epoxy composites 
comprising 25% of the airframe weight. The projected use of carbon fibre composites in a 
typical advanced fighter aircraft is shown in Figure l .T ,  and comprises approximately 40% of 
its structural weight and 70% of the aircraft’s surface area.
Carbon fibre Composites 
1 Aluminium t.tthium 
litanium
Glass f?etnforced Piastre 
Aluminium Casting
Material Surface Area j
iC fC 70% I
!G*P 1
! Metal 15%
1 Other 3 %
Figure 1.1 Projected use of advanced materials in the Eurofightef
1.3 Fibre reinforcements
Stmctural materials for aerospace applications require low density, high strength and high 
stiffiiess. In a review of existing and potential materials for use in aircraft, Gordon^ pointed 
out that the specific modulus, i.e. the Young’s modulus divided by the specific gravity, is 
approximately constant for conventional stmctural materials, the common value being about 
27GPa as can be seen from Table 1.1.
Table 1.1 Specific moduli of various materials
Material Specific gravity Young's
modulus
GPa
Specific
modulus
GPa
Wood, spruce parallel to grain 0.5 13.3 27
Magnesium 1.7 42.0 25
Glass 2.5 70.0 28
Aluminium 2.7 73.5 27
Titanium 4.5 119 26
Iron 7.8 210 27
Tungsten 19.3 420 22
In general, elements of low atomic number and compounds of them (e.g. beryllium, boron, 
carbon, nitrogen, silicon etc.) have strong interatomic bonding, high stiffiiess, thermal 
stability and low density, and are therefore candidates for high strength materials^. Some 
examples of materials with high specific moduli are given in Table 1.2. Reinforcing fibres 
for high performance polymer composites are prepared from these high specific modulus 
materials. The fibre reinforcements can be classified on the basis of increasing diameter e.g. 
whiskers, fibres and wires. Very fine, crystal filaments known as whiskers, have a low 
density of strength reducing flaws, and hence extremely high strength. Their strength is also 
related to the gauge length, as longer gauge lengths have a higher probability of containing a 
critical flaw. This gauge length effect also applies to fibres, which are more easily produced 
and less costly than whiskers, but also offer high strength when produced in fine diameter 
(typically 14pm for glass and 7pm for carbon fibres).
Table 1.2 Some high specific modulus materials
Material Specific
gravity
Young's
modulus
GPa
Specific
modulus
GPa
Alumina 4.0 385 96
Boron 2.3 420 183
Carbon, whisker 2.3 965 420
Carbon, diamond 3.5 1190 340
Magnesia 3.6 287 80
Silicon carbide 3.2 560 175
Because reinforcement discontinues at the fibre extremities, reinforcement efficiency 
depends on the fibre length. Long lengths of continuous fibre offer higher reinforcement 
efficiency than short discontinuous fibres which are often randomly oriented within the 
matrix. Short reinforcing fibres have some processing advantages for techniques such as 
injection moulding. However, continuous fibres have the advantage that they can be made 
into cloths, mats, and pre-formed three-dimensional shapes.
Fibre alignment is crucial to composite properties. The mechanical properties of continuous 
and aligned fibre composites are highly anisotropic. In the alignment direction, 
reinforcement and strength are at a maximum, but perpendicular to the alignment they are at 
a minimum. Continuous lengths of aligned reinforcing fibres enable the most efficient form 
of fibre packing, allowing a high volume fraction of fibres to be incorporated in the 
composite. Hence, the highest values of mechanical reinforcement are obtained with high 
volume fractions of aligned, continuous fibres with good interfacial bonding.
The addition of reinforcing fibres to polymeric matrices enhances the strength, stiffness, and 
dimensional stability, at the expense of ductility. The weight saving advantages offered by 
fibre reinforced composites are apparent when the mechanical properties of the reinforcing 
material are divided by its density to provide the specific properties. A comparison of 
specific properties of some reinforcing materials is shown in Table 1.3.
Table 1.3 Comparison of some fibre reinforcement materials^
Material Specific
Gravity
Tensile
Strength
GPa
Specific
Strength
GPa
Elastic
Modulus
GPa
Specific
Modulus
GPa
Aramid (Kevlar) 1.45 3.6 2.5 124 85.5
E-Glass 2.54 2.4 0.95 71 28
Carbon Graphite IM 1.74 5.6 3.2 295 169.5
Steel wire 7.8 3.1 0.40 210 26.9
Boron 2.58 3.5 1.36 400 155
Carbon Pitch P-55 2.0 2.1 1.05 380 190
Graphite whiskers 2.25 21 9.33 980 435.6
Glass fibre reinforced plastic (GRP) composites have been in commercial production since 
the early 1950s and glass fibre reinforcement still dominates the market for low to medium 
performance applications because of its combination of good mechanical properties and low 
cost. However, the stiffiiess of GRP is inadequate for high performance aerospace 
structures.
Significant improvements in specific mechanical properties for high performance composite 
applications were offered by the development of high modulus boron fibres in the 1960s. In 
the 1970s boron fibre reinforced epoxy composites were manufactured for aircraft 
components in the USA; e.g. the horizontal stabilisers of the Grumman F-14 Tomcat and 
McDonnell Douglas F-15 Eagle fighter aircraft. Boron fibres have extremely high modulus 
and good compression properties, but the high production costs have limited the 
development of this material. Asbestos, and natural fibres have also been used to reinforce 
plastics, and more recently aramid fibres such as DuPont's Kevlar have found various 
applications, but probably the most successftil reinforcing fibre of recent times is carbon 
fibre.
1.4 Carbon (graphite) fibres
Owing to their high specific strength and modulus and relative ease of production, the 
development of carbon fibres in the late 1960s offered the impetus for the large scale 
utilisation of high performance reinforced plastic composites.
To produce carbon fibres with a high modulus, the graphitic layer planes must be 
preferentially aligned along the axis of the fibres such that the molecular and crystal 
orientations sustain the applied loads. A method of converting polyacrylonitrile (PAN) 
fibres into high modulus, high strength carbon fibres was developed at the former Royal 
Aircraft Establishment (RAE), Famborough, by Watt, Phillips, and Johnson^’^  in the mid 
1960s. The process shown in Figure 1.2 involves the formation of a ladder polymer in the 
PAN fibres and air oxidation under tension at 220°C maintains this molecular orientation 
necessary to form aligned graphitic layers, produced by subsequent carbonisation and 
further graphitisation heat-treatments in an inert atmosphere. (This method removes the 
need for expensive hot-stretching at 2500°C which was required in earlier attempts to form 
graphite layer-plane orientation in carbon fibres prepared fi*om rayon and pitch precursors.) 
The degree of graphitisation, and hence mechanical properties, is determined by the final 
heat treatment temperature the fibres experience. The Young's modulus of the fibres is 
dependent on these processing conditions'^ and can be as high as 400GPa after heat 
treatment to 2500°C. Heat treatments at lower temperatures in the range 1200-1500°C 
usually produce fibres with the maximum tensile strength^^’^  ^ up to about 3 GPa. The 
resultant high Young's modulus of these carbon fibres is due to a high degree of preferred 
orientation in the stmcture with the basal planes of the crystallites aligned along the lengths 
of the fibres. This has been demonstrated by X-ray diffraction and also by stmctural studies 
by electron microscopy^^.
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Figure 1.2 Chemistry of the carbonisation of polyacrylonitrile
Carbon fibres are also obtained by spinning fibres from mesophase pitch, followed by 
oxidation and carbonisation, as was first reported by Otani^ .^ Mesophase pitch is produced 
from oil and coal by-products and as a low cost precursor, it is the main alternative 
precursor for carbon fibres^ "^ . Although these fibres can achieve high tensile modulus values, 
they generally have lower tensile strengths combined with poor compressive strengths and 
are more expensive to produce than PAN based carbon fibre. As a result, although they have 
not been used extensively in advanced applications, the cheaper lower grades have found a 
market in lower cost applications such as sports equipment. Pitch-based carbon fibres have 
found applications in high performance carbon composite brake shoes where their high 
thermal conductivity (related to their graphitic nature) is of importance.
1.4.1 Surface treatment of carbon fibres
The bond strength at the interface between the reinforcing fibres and the surrounding matrix 
exerts a major influence on many mechanical properties of the composite. Inadequate 
interfacial adhesion between the fibre surface and matrix polymer can lead to poor 
transmission of fibre properties, with particularly low values for shear and compression 
properties, while very high adhesion strengths can cause the composite to be brittle. 
Untreated carbon fibres do not adhere adequately to polymeric matrices to provide efficient 
reinforcement for optimum composite performance. Thus, the interface strength is 
optimised for each fibre-matrix combination and application. Carbon fibres are surface 
oxidised (generally electrochemically) to promote adhesion to matrix resins and then coated 
with an epoxy sizing resin to surface protect them and assist handling. The sizing resin may 
also act as an interface between the matrix and the fibre surface.
Two important properties of carbon fibre composites, the interlaminar shear strength (ILSS) 
and the impact strength, are affected by the strength of the bond between the fibre and the 
matrix. The ILSS is a measurement which reflects the strength of this bond, and can be 
improved by oxidation treatments of the fibre in air^  ^or in a hypochlorite solution^^’^ .^
1.5 Polymer matrices
The external loads applied to a composite are transmitted and distributed along the fibres via 
the matrix phase. Thus, the function of the matrix is to transfer stress within the composite, 
protect the surface of the reinforcing fibres, retain the alignment of the fibres in the 
predetermined directions, enhance the transverse properties of the composite and improve 
the impact and fracture resistance of the composite.
Significant reinforcement is possible only if the fibre-matrix bond is relatively strong, in 
order to minimise fibre pull out. The matrix should be capable of yielding in a plastic 
manner such that the stress sustained by the strong (and usually) brittle fibres is significantly 
greater than that supported by the matrix. In general, polymers are used as matrix materials
10
because they offer a good compromise between desired mechanical and adhesive properties 
combined with low density, some ductility and ease of fabrication.
1.5.1 Thermoplastic and thermosetting polymers
Plastics are composed of high molecular weight organic molecules known as polymers. The 
word polymer is derived from the Greek words polys meaning many and meros meaning 
part, and is used to describe large molecules comprising repeating units (monomers) 
chemically linked together in the form of a chain or network. The word plastic is derived 
from the Greek word plastikos meaning “capable of being moulded”.
Matrix polymers are classed as either thermoplastics or thermosets:
• Thermoplastics are high molecular weight polymers based on linear or branched chain 
molecules. They melt on heating and can be processed to form a solid component on 
cooling, which has not undergone a chemical reaction and can in principle be melted 
and solidified (frozen) repeatedly without change of properties.
• Thermosetting plastics chemically react and solidify with heat and (sometimes) pressure 
to form a molecularly three-dimensionally crosslinked solid structure which cannot be 
melted, but which will soften and degrade at higher temperatures.
1.5.2 Thermoplastic polymer matrices.
Engineering thermoplastics are materials with good mechanical properties, sufficient for 
them to be utilised as structural materials. Recently, engineering thermoplastics such as 
nylon, polyethersulphone (PBS) and polyetheretherketone (PEEK) have found some 
applications as matrices for fibre reinforced composites because they offer the potential of 
rapid and in some cases low cost manufacture. Shaped articles can be fabricated at elevated 
temperatures by relatively fast processing methods compared with thermoset matrix 
composites. Compared with thermosets they can offer better toughness, low water 
absorption, indefinite shelf life, possible repair of flawed components and recycling scrap.
11
However, their main disadvantages compared with thermosets are processing problems such 
as the high processing temperatures required (PEEK must be processed at ~ 400°C) 
producing higher internal stresses on cooling, high pressures required for consolidation, 
poor drape and lack of tack of the prepregs and poor wetting of the fibres, which often 
results in a poor translation of fibre properties to the composite. Thermoplastic composites 
generally have lower mechanical properties than thermosetting matrices, including lower 
modulus, lower thermal resistance and solvent resistance and higher creep.
1.5.3 Thermosetting polymer matrices
Thermosetting resins or thermosets were the first class of plastics to be used extensively as 
composite matrices. Unlike thermoplastics which are reversibly melt-processable, and 
usually of high molecular weight and high viscosity, thermosetting resins are initially low 
molecular weight, low viscosity precursors, which are 'cured' by an irreversible chemical 
reaction in which the polymer is crosslinked three dimensionally to form a solid, infusible 
and insoluble polymer of essentially infinite molecular weight. Once crosslinked, a 
thermoset cannot be reversibly processed at elevated temperatures.
The final degree of crosslinking is a critical factor in determining the rigidity and glass 
transition temperature (Tg) of the cured polymer. The Tg is a very important property of the 
cured polymer matrix as this is the temperature at which the matrix begins to change fi*om a 
rigid glass-like material to a softer rubber phase and hence begins to demonstrate a dramatic 
decrease in mechanical properties. The Tg determines the temperature limits at which the 
composite loses dimensional stability and mechanical properties, but also has a critical 
effect upon most of the physical properties of the matrix system at ambient temperature^^.
Thermosetting resins offer significant advantages over thermoplastics, including greater 
dimensional stability, less creep, greater solvent resistance, and in general, a lower 
coefficient of thermal expansion. Thermosetting resins also have the advantage of ease of 
processing compared with many thermoplastics. The lower initial viscosity enables higher 
concentrations of both fibres and fillers to be incorporated into thermosetting matrices, and 
they can be formulated to meet the exact requirements for numerous applications. For these
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reasons, thermosetting resins continue to dominate the market as composite matrices. 
Unsaturated polyester resins and vinyl ester resins are two examples of commonly used 
themosetting matrices for general composite applications:
• Unsaturated Polyester Resins
Thermosetting unsaturated polyesters were introduced in the 1940's and were soon 
established as good matrix resins for glass fibre reinforced plastic (GRP). They now 
comprise a variety of resins of great versatility and relatively low cost which dominate the 
lower performance composite market^They are used extensively in bulk moulding 
compounds (BMC) comprising randomly oriented chopped glass fibre (<10mm) 
reinforcements, fillers and shrinkage control additives. Unsaturated polyesters have recently 
gained use in sheet moulding compound (SMC) applications, comprising longer reinforcing 
fibres, and are ideally suited to rapid production processes such as hot-press mouldings used 
for commercial vehicle and car body panels. However, the main disadvantages of 
unsaturated polyesters for high performance composite applications are that unlike epoxies, 
they cannot be readily viscosity modified by advancing cure (B-staged) and have limited 
high temperature and chemical resistance.
• Vinyl-ester resins
Vinyl ester resins are intermediate in cost and performance between unsaturated polyesters 
and epoxies. When cured, they have good physical properties at elevated temperatures, and 
good corrosion resistance^ .^ At room temperature, the physical properties of cured 
polyesters and cured vinyl esters are similar, but at elevated temperatures the retention of 
physical properties is generally better for the vinyl esters. They also exhibit low mould 
shrinkage and are less susceptible to hydrolysis than unsaturated polyesters and are widely 
used where superior chemical resistance is required.
1.6 High Performance Thermosetting Matrices for Carbon Fibre Composites
Structural composites for aerospace applications operate in extremely demanding 
environments. They must be capable of resisting the effects of high and low temperature
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extremes, and aggressive environments such as water, high humidity, kerosine, and 
hydraulic fluid. The properties of the matrix polymer determine the success of the 
composite in these environments. High performance polymers have been developed to 
improve composite performance in these environments. Table 1.4^  ^gives some examples of 
high performance matrices used in the aircraft industry.
Table 1.4 Some properties of high performance matrices19
Matrix Upper service tempertaure Examples of use
Epoxy - 120"C cure -100 Civil and subsonic aircraft
Epoxy - 180°C cure ~ 130-150 Civil and subsonic and 
supersonic aircraft
Bismaleimides -200 High speed aicraft, 
missiles, engines
Polyimides / PMR-15 type -270 Engine parts
Thermoplastics - various -120-150 Various
1.6.1 Epoxy Resins
Epoxy resins offer outstanding adhesive and mechanical properties, high dimensional 
stability, low shrinkage on curing with no volatiles evolved, versatility of formulation to 
meet exact demands of application, high electrical resistance and excellent resistance to heat 
and chemicals, and excellent processing properties. Epoxy resins are by far the most widely 
used matrix system for advanced structural composites and they account for more than two 
thirds of the present aerospace market^ .^ Epoxy formulations can be tailored to optimise 
both uncured and cured properties for most applications. Epoxy prepregs possess good 
drapability and excellent tack which is important in the manufacture of contoured 
components. They are also easily modified by the addition of toughening agents ranging 
fi*om low molecular weight liquid rubbers to high molecular weight thermoplastics. Typical 
cure cycles for epoxies range from 1 hour at 120°C to two hours at 180-200°C.
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Epoxy resins are compounds containing epoxy groups (see Figure 1.3a), often known as 
epoxide or oxirane groups. Epoxy resins contain terminal epoxy groups which are often 
produced as glycidyl ethers (Figure 1.3b) or diglycidyl amines (Figure 1.3 c).
O
0 " ^ V - 0  R - N " ^
V7o
(a) (b) (c)
Figure 1.3. (a) The epoxy group (b) glycidyl ether (c) diglycidyl amine
Compounds containing epoxy groups were synthesised as early as 1891^ ’^^ \ and the early 
history of epoxy compounds by Russian researchers has been discussed by Malinovskii^^. In 
1909 the Russian chemist Prileschajew^^ published his research on the formation of 
epoxides by the reaction of peroxybenzoic acid with olefins.
Although diepoxides were mentioned in patents especially by Schlack^ "^  in 1934, and 
Moss^^’^  ^ in 1937, it was not until the independent work of Castan^^’^  ^ in Switzerland, and 
Greenlee^^ in the U.S.A. that commercial epoxy resins were marketed in the 1940's. The 
earliest epoxy resins marketed were the reaction products of bisphenol A and 
epichlorohydrin. Castan investigated potential resins which could be readily moulded 
without the need for high moulding pressures. The patents were subsequently licensed to 
CIBA A.G. of Basle (now Ciba-Geigy) and at the Swiss Industries Fair in 1946 they 
demonstrated the use of an epoxy resin adhesive, Araldite type I, to bond light alloys, and 
offered epoxy casting resins for electrical applications^^, thus beginning the commercial 
exploitation of these materials. Around this time in the U.S.A, Greenlee produced similar 
epoxy resins but with higher molecular weights suitable for surface coatings. Shell 
Chemical Corporation researchers investigated a vast range of possible curing agents for the 
epoxies and obtained licences to market a range of liquid and solid epoxies (based on 
bisphenol A) under the name Epon in the U.S.A. and Epikote in all other countries.
Since the 1950's, epoxy resin production and sales have steadily increased. Table 1.5^  ^
shows the relative use of epoxies in a wide range of applications, with tonnage for the year
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1991. Although the major application of epoxies is for surface coatings, since the early 
1970’s there has been a major growth for use in structural applications due to the increased 
use of epoxy resins in the aerospace industry.
Table 1.5 1991 US A applications of epoxy resins (Modem Plastics International)31
Application tonnes xlO^ %
Protective coatings 84 51
Electrical applications 22 13
Reinforced resins 13 8
Bonding and adhesives 12 7.25
Flooring 11 6.25
Tooling and casting 12 7.25
Other 12 7.25
Total 166 100
The most widely used epoxy is the diglycidyl ether of bisphenol A, often known as 
DGEBA, the stmcture of which is shown below in Figure 1.4.
Figure 1.4 the stmcture of DGEBA
This epoxy is formed fi*om the reaction of epichlorohydrin with bisphenol A in the presence 
of sodium hydroxide. The molar ratio of these two reactants dictates the degree of 
polymerisation and the molar mass of the final epoxy resin. When n = 0 the resin is 
described as the monomeric diglycidyl ether of bisphenol A (DGEBA) and is commonly 
used as an epoxy matrix resin. Jones^  ^ has reported that the higher molecular weight 
DGEBA epoxies containing oligomers (where n>0) tend to be less attractive in composite 
applications since they have higher viscosities. In addition to reduced crosslink density and
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hence lower Tg of the cured resin, Jones^  ^also reported that higher values of n result in an 
increased number of hydroxyl groups along the chain making the resin more polar and thus 
more water sensitive. Many commercial resins are often a mixture of monomeric DGEBA 
and the low molecular weight oligomers which are tailored to optimise processing 
requirements such as tack and viscosity profiles.
Some of the more important epoxy resins used as composite matrices have more than two 
epoxy groups per molecule. When cured, these produce a higher crosslink density and 
higher TgS providing better mechanical properties at elevated temperatures. Examples of 
these are N  -glycidyl derivatives of diaminodiphenylmethane, triglycidyl derivatives of p- 
aminophenol, and aromatic di- and polyglycidyl compounds of bisphenol A, bisphenol F, 
phenol novolacs and tris (p-hydroxyphenyl)methane. Combined with the wide variety of 
curing agents available they offer an excellent choice of desired properties.
Tetraglycidyl amine based epoxies have a higher functionality than DGEBA and provide 
higher crosslink densities and glass transition temperatures and form the basis of the resins 
for aerospace composites. One of the most important epoxies for aerospace applications is 
tetraglycidyl 4,4’-diaminodiphenylmethane (TGDDM) (see Figure 1.5) which when cured
TGDDM
DDS
Figure 1.5 The structures of TGDDM and DDS.
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with 4,4'-diaminodiphenylsulphone (DDS) produces a Tg of approximately 260°C. This 
offers the potential for operation at temperatures up to 150°C for both short and long- term 
applications. A considerable data base has been developed for TGDDM-based materials, 
and it is the yardstick by which improvents in polymer matrices are measured.
1.6.1.1 Curing of epoxy resins
The epoxy group is highly reactive and can either be homopolymerised to a polyether vrith a 
catalyst or polymerised in an addition reaction with a curing agent. A reaction will, in 
theory, occur with any compound containing active hydrogens such as: phenols, amines, 
and alcohols. A large number of curing agents can be employed to convert the epoxy to a 
highly crosslinked network, the two main types of hardener being amines/polyamides and 
acid anhydrides. Some of the more common curing agents are shown in Figure 1. 6
H2N
O
O
NH2 H2N CH2 NH2
4,4'-diaminodiphenykulphone (DDS) 4,4'-diaminodq3henylmethane (DDM)
O
o
o
o
phthalic anhydride (PA)
NH2
777-diaminobenzene (DAB)
H2N
^ N - C = N
H2N
dicyandiamide (DICY)
Figure 1.6 Some typical curing agents for epoxy resins.
DDS is used as a curing agent vdth TGDDM to obtain high Tg sytems (~260°C). By slightly 
advancing the curing reaction (‘B-staging’) the vicosity of the resin can be adjusted to
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to optimise the 'tack' and processing characteristics of the prepreg. Another high temperature 
curing agent, micronised dicyandiamide (DICY) is insoluble in the resin at room 
temperature and is used as a latent hardener providing a prepreg with an improved shelf life.
The curing agent is normally added at lower than the stoichiometric concentrations 
dependent upon the epoxy equivalent weight (molar mass per functional group or weight 
per epoxy group) and the molar mass of the hardener. Full stoichiometric ratios of curing 
agent are not required because during cure the epoxide ring is opened to form hydroxyl 
groups (Figure 1.7). These hydroxyl groups formed during the cure and in some cases 
present in the initial resin, can also participate in the crosslinking process.
The cure proceeds initially via a chain extension giving a linear polymer which on heating 
has the properties of a viscous liquid. Further reaction increases the molecular weight and 
below gel point leads to the generation of a branched chain structure, followed by the 
formation of a gelled but not fully crosslinked system containing cyclic structures. Finally 
the system forms a fully cured thermoset with a three dimensional network. Carefiil control 
of the curing schedule is required for the production of good quality void free laminates and 
a dwell time at the minimum viscosity is usually incorporated.
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Figure 1.7 The reaction of an amine curing agent with an epoxy.
The occurrence of intramolecular cyclization reactions during the cure of an epoxy has the 
effect of reducing the crosslink density of the resultant network^^’^ "^. Some cyclisation
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products of the competing reactions between diglycidyl aniline and aniline or substituted 
anilines are shown in Figure 1.8.
Nr
\_
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H
+ N
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OH
(III) HOOH
OHOH
(VI)
Figure 1.8 Competing reactions between diglycidylaniline and aniline or substituted 
anilines.
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Epoxy resins in general offer an advantageous compromise between high temperature 
performance with convenient processing and environmental durability. They have good 
mechanical properties and are less brittle and tougher than either unsaturated polyesters or 
vinyl esters and have better high temperature performance. They also have the advantage 
over unsaturated polyesters that they can be partially cured (‘B-staged’), but they are more 
expensive.
These properties, together with the low shrinkage on cure and their good bondability to 
other materials, make epoxy resins most desirable composite matrix materials. Epoxy 
matrices based on TGDDM/DDS offer the potential for operation at temperatures up to 
150°C for both short and long-term applications. They continue to dominate in the field of 
high performance carbon fibre composites for aerospace structural applications, and are 
expected to continue to do so well into the next century. Alternative high performance 
thermoset matrices and their inherent problems are discussed briefly below.
1.6.2 Bismaleimides
Thermosetting bismaleimide (BMI) resins are an important class of matrix resins 
formulated for structural applications up to about 220°C^ .^ The monomers are prepared by 
the reaction of aromatic diamines with maleic anhydride and are capable of a variety of 
curing mechanisms In general, they are not as easy to process as epoxies, being less 
soluble in suitable solvents and having higher viscosity in the melt form^ .^ Bismaleimide 
prepregs may be processed in a conventional manner but usually have narrower processing 
windows than epoxy resins and require higher temperatures and longer cure cycles. Their 
main disadvantage is their poor fracture toughness which can be partly attributed to their 
very high crosslink density, and composite components made from bismaleimide prepregs 
are generally more brittle than epoxy-based ones. Some improvements in fracture toughness 
have been achieved by modification of the chemistry to permit polyblends with rubbers'^ ® or 
other polymers, including high-performance thermoplastics^^.
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1.6.3 Polyimides
Polyimide matrix systems offer outstanding thermal stability up to 300°C and above, with 
excellent strength, modulus, fire retardance, and dielectric properties'^^ Unfortunately, the 
prepregs are more difficult to handle than those based on epoxies or bismaleimides and they 
require rather long and extreme cure cycles which involve high temperatures and the 
evolution of volatile materials during cure which can lead to processing difficulties'^ .^ PMR- 
15 (Polymerisation of Monomer Reactants) polyimides are the most well known and can be 
regarded as thermosetting matrix systems whereby crosslinking reactions take place on 
cure'^  ^ However, problems include toxicity of the 4,4’-diaminodiphenylmethane (DDM) 
reactant, the brittle nature of the cured polyimides and microcracking which occurs during 
thermal cycling or mechanical loading'^ .^ Attempts have been made to improve the 
toughness of PMR-15 by the incorporation of flexible aromatic diamines' '^ ,^ but as with other 
thermosets this usually produces a reduction in temperature performance. Extra care is 
required when fabricating polyimide based composites to remove all the by-product water 
or volatiles that form during polymerisation. Water is not only detrimental to the physical 
properties of the polymer, but can also give rise to voids and other internal stresses, which 
cause further deterioration of composite properties.
1.6.4 Cyanate esters
Cyanate esters have temperature capabilities intermediate between those of epoxies and 
bismaleimide (BMI) resins, with typical TgS of homopolymers normally in the range from 
below 200°C to nearly 300°C'^\ Cyanate esters are prepared by cyanation of phenols, based 
on the technology originally developed by Bayer'^ .^ Their low viscosities enable cyanates 
ester resins to be processed by a variety of techniques including prepregs, resin transfer 
moulding, and filament winding. Cyanates can be copolymersised with epoxy resins to 
produce polymers with increased Tg compared to the epoxy alone and have also been 
studied as blends with BMI resins'^ .^ In general cyanate esters produce cured thermosets 
inherently tougher than epoxies and bismaleimides. They also exhibit low water absorption 
and have low dielectric constants. Major disadvantages include their relatively high cost and 
sensitivity of the cyanate group to hydrolysis.
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1.7 The damaging effects of hygrothermal ageing on composite properties
Epoxy resins based on TGDDM are favoured matrix materials for carbon fibre composites 
in aerospace structural applications. However, epoxies, like many other polymer matrices, 
are prone to water absorption, which can have serious adverse effects on both matrix and 
composite properties. The damaging effect of water on the elevated temperature properties 
of existing commercially available epoxy resins has been a major factor in preventing their 
full potential in composite and adhesive applications being realised.
From the time composite components are first fabricated, most will operate in conditions 
where humid environments are encountered. Absorption of moisture by the composite can 
occur either as a result of immersion in water or simply by exposure to a humid 
environment. The absorption of moisture can be enhanced by micro-cracks and capillary 
action at the fibre-matrix interface, but the major cause of water absorption in a carbon 
epoxy composite is the nature of the matrix resin. It has long been recognised that the main 
problem with epoxy systems as matrices for high performance structural composites is the 
adverse effect of absorbed water. Absorbed water in the polymer matrix and at the fibre- 
matrix interface leads to a degradation of most mechanical properties and directly influences 
the properties of the composite especially at high ambient temperatures.
The polymer matrix is much more sensitive to the adverse effects of moisture than the 
reinforcing carbon fibres are, thus properties of the matrix polymer determine limitations of 
composite performance, especially in the matrix dominated directions. For example, a 
unidirectional reinforced composite subjected to water absorption will show very little 
change in mechanical properties in the (0°) direction, but major changes in the transverse 
(90°) direction. Interlaminar shear properties are also greatly affected. In addition, as most 
composite structures employ cross-ply laminate construction, the effects of water absorption 
on matrix properties are of major importance.
Water absorption studies of the bulk polymer matrix give a good indication of behaviour in 
the derived composite. Wrighf '^'^  ^ has shown that the equilibrium water absorption of a 
carbon fibre composite was approximately that which would be expected from its resin
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content. Thus, the hygrotheraially aged properties of the structural composite are very much 
limited by the properties of the matrix polymer.
The glass transition temperature (Tg), the temperature at which a polymer changes from a 
rigid, glass-like material, to a soft rubbery phase, is an extremely important parameter for a 
polymer, in particular providing an indication of its high temperature capability. The glass 
transition temperature is associated with the onset of segmental motion along the polymer 
chain and rotation of main chain bonds. Research in the early 1970s demonstrated that 
absorbed water in the epoxy matrix resin acts as a plasticiser which increases mobility of the 
polymer network and dramatically lowers the Tg of the matrix as a function of the amount of 
water absorbed. Browning'^  ^studied property losses at elevated temperatures in epoxy resin 
matrix materials after exposure to high humidity environments. A comprehensive review of 
published data by Wright'^ ’^'^  ^ established that as a general rule for epoxies, for each 1% of 
water absorbed, the Tg is reduced by approximately 20°C.
In aerospace applications the effect of moisture absorption and desorption on the mechanical 
properties of the composite is crucial to the design features. Selection of the matrix resin 
system is often determined by these factors. A major factor in determining the choice of a 
structural material is the maximum operating temperature that it will experience. Thus, for a 
structural composite this has to be about 50°C less than the Tg of the matrix. At Mach 2 and 
40000 feet the temperature is about 120°C at the leading edge, whilst at Mach 2.2, the 
temperature is about 150°C. For TGDDM cured with 4,4'-diaminodiphenyl sulphone 
(DDS), Barrie et showed the level of saturation is about 4% at 80% relative humidity 
(RH) in the bulk polymer and Wright'^ ’^'^  ^also reported that this amount would be found in 
the composite matrix. Such a value could lead to a Tg depression of about 80°C lowering the 
Tg of the network to about 175°C. When a margin of about 50°C is allowed, this results in 
an operational ceiling temperature of about 125°C (approx. Mach 2.0 limit). This lowering 
of Tg reduces the in-service operational ceiling temperature of the aircraft, and generally 
requires a design increase in composite structures to accommodate the reduced performance 
caused by the adverse effects of water absorption.
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Water absorption has the following effects on physical properties of epoxy composites:
• There is a reduction in strength, modulus, interlaminar shear strength (ILSS), Tg and 
related properties such as heat distortion temperature (HDT). If water is attracted to the 
interface then loss of adhesion may also occur due to a disruption of polar bonding at the 
polymer-fibre interface. Property changes may be due to combinations of plasticisation 
and mechanical damage from moisture induced swelling. In the composite, small 
amounts of water can actually be beneficial leading to a plasticised stress-free system. 
Jones^  ^has noted that matrix swelling which occurs on absorption of moisture reduces 
the thermal strains produced by restrained contractions formed when cooling from the 
strain-free post-cure temperature of fabrication. However, moisture may cause 
mechanical damage such as surface crazing, cracking and matrix microcracking. 
Moisture, if present during the curing process, can cause porosity and hence weaken the 
mechanical properties. Blistering of the composite surface can occur in some cases if it 
is heated rapidly above the boiling point of water.
• Static mechanical properties, such as ultimate tensile strength (UTS), ultimate 
compressive strength, fracture strain and stiffriess normally decrease with increased 
moisture content. Moisture alone can cause fiat composite plates to buckle. Moisture 
combined with high temperature significantly reduces matrix dominated properties, such 
as the interlaminar shear strength.
• Time dependent mechanical properties such as fatigue life are lowered with increasing 
percentage relative humidity for epoxy composites, and the damping capacity tends to 
increase with moisture content. Moisture has a varied role in fracture phenomena. 
Wolfÿ^ has noted that it may lead to spontaneous crack propagation, but can also slow 
crack growth under certain conditions. Since moisture reduces residual stresses, it may 
reduce the tendency for matrix microcracking Avith continued cooling below the stress- 
free or curing temperature. Thus, moisture can have a beneficial role in delaying 
transverse cracking and cracked samples may exhibit lower moisture induced expansion 
than uncracked samples. Moisture may also have a significant effect on delamination 
extension at low temperatures.
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1.7.1 The mechanism of water absorption
Moisture diffusion through a solid is by a process of random molecular motions of water 
molecules. Diffusion of water is analogous to the transfer of heat by conduction, which is 
also due to random molecular motions. This was first recognised and quantified by Fick^  ^in 
1885. His theory of moisture diffusion is based on the fact that the moisture flux is 
proportional to the concentration gradient. Moisture absorption is independent of 
concentration and sample thickness, but there is a net transfer of molecules from regions of 
high concentrations to regions of low concentration until all regions reach equilibrium at the 
same concentration. For Fickian behaviour to be followed, the plot of water absorption vs 
square root of time should show an initial linear region up to about 50% or more of the final 
saturation level before tapering off to this level. Diffusion coefficients can be calculated by 
employing the Fickian approximation for short times (1) as reported by Apicella and 
Nicolais '^  ^where s is the initial slope and w«, is the water absorption at equilibrium. The 
diffusion coefficient D indicates the rate of water uptake. Interestingly, a low water 
absorption does not imply a low water diffusion coefficient - an important point when 
considering barrier coatings. Some characteristic features of Fickian diffusion are that both 
sorption and desorption curves as functions of the square root of time are linear in the initial 
stage above which both the absorption and desorption curves are concave to the abcissa. 
When the diffusion coefficient (D) is constant, the absorption and desorption curves 
coincide over the entire range of time.
D  =
7T
Ï6
(1)
Epoxy matrices are cross-linked amorphous polymers with high TgS, therefore water 
transport is through a glassy polymer. Fickian diffusion is noted when the rate of diffusion 
is much less than that of the polymer segment mobility. Sorption equilibrium is established 
rapidly leading to time dependent boundary conditions which do not depend on swelling
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kinetics. Early investigations of bulk epoxy water absorptions by Brewis et claimed 
that epoxy resins with low cross-link densities such as the diglycidyl ether of bisphenol A 
(DGEBA), when immersed in water, displayed a sorption process which was essentially 
Fickian in nature, with a constant diffusion coefficient.
Johncock and Tudgey^^’^  ^observed non-Fickian diffusion in a variety of highly cross-linked 
epoxies, and demonstrated the importance of effects caused by water absorption even at 
room temperature. They reported that rather than reaching a Fickian equilibrium, these 
epoxies continued to absorb water slowly in an essentially linear manner as the polymer 
network relaxed. Studies of TGDDM/DDS by Barrie et also gave sorption isotherms 
which were not truly Fickian and showed Langmuir curvature. Carfagna et studied the 
water absorption of epoxy resins and found strong deviations from the equilibrium uptake 
predicted by Flory-Huggins theory, and found water absorption was also dependent on 
previous hygrothermal histories. They explained the deviations in terms of a model, where 
the overall absorption equilibrium includes a certain percentage of clustered water, which 
may be nucleated in microvoids and at craze sites; the remaining fraction of the water is 
thought to be homogeneously distributed throughout the matrix. Apicella et al.^  ^ have 
reported that water can also exist in the polymer network by hydrogen bonding to strong 
polar sites. Marom^  ^ has noted that Fickian diffusion occurs when the rate of diffusion is 
much less than that of the polymer segment mobility, and sorption equilibrium is 
established. Non-Fickian diffrision occurs when the penetrant mobility and polymer 
segment relaxation are comparable. This diffusion is related to the fact that it is observed in 
hard glassy polymers and it vanishes at and above the glass transition temperature.
Whereas the sorption of the bulk resin is complex, Marom^  ^ has reported that the 
introduction of a reinforcement produces almost classical Fickian behaviour in a composite. 
Illinger and Schneider^  ^suggested that the matrix sections between fibres and therefore the 
path length are very small, hence the contribution of the relaxation controlled diffrision 
effects disappears. However, Illinger and Schneider^  ^ also reported that non-Fickian 
behaviour is generally observed in resin matrix composites as a two-stage sorption process 
when the composite is immersed in water or exposed to high relative humidity. Non-Fickian 
water absorption profiles for relatively thick (10mm) composites at various temperatures
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were reported by Mijovic and Weinstein '^ .^ Moisture penetration into the composite is 
conducted mostly by diffusion and will depend on the penetration direction and the angle of 
the fibres in the composite. However, the non-Fickian behaviour can be caused by other 
mechanisms of moisture penetration such as capillary action and transport of water by 
cracks. Capillary mechanisms involve the flow of water molecules along the fibre-matrix 
interface followed by diffusion firom the interface to the bulk resin. Water is also transported 
by microcracks, themselves often caused by damage through exposure of the composite to 
moisture. Defects and poor fibre-matrix adhesion provide routes for capillary action of water 
absorption. Microvoids or small holes will also affect the water absorption, both increasing 
the rate and maximum capacity of moisture absorption.
Moisture affects all components of the composite, principally the matrix and the fibre- 
matrix interface but in some cases may also affect the fibre itself, particularly with glass and 
polymeric reinforcing fibres such as Kevlar. The plasticisation process involves interruption 
of the van der Waals' bonds between ethers, secondary amines and hydroxyl groups. 
Plasticisation also reduces residual stresses and increases viscoelasticity. For many matrix 
materials, the effect of increasing moisture is very similar to an increase in temperature.
Kaelbe and co-workers^ '^^  ^ have performed a number of studies of moisture diffusion 
analysis in graphite-epoxy composites using non destructive evaluation (NDE) methods. 
These studies showed that both ultrasonic (2.25 MHz) sound velocity and acoustic energy 
absorption measurements were sensitive to both extent of damage and discrete mechanisms 
of moisture degradation. The preliminary effect of hygrothermal ageing was shown to 
increase the moisture diffusion coefficients along the fibre axis of uniaxial reinforced 
graphite epoxy composites. This result is consistent with the appearance of debonds or 
microcracks, which are initiated at the fibre-matrix interface but which fail to interconnect 
between adjacent fibres and thus to alter the transverse moisture diffusion coefficients.
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1.7.2 Factors which affect water absorption
Curing an epoxy resin transforms it from a low molecular weight material to a highly cross- 
linked three dimensional network. This network comprises segments of both epoxy and the 
cross-linking agent. Thus the chemical and physical properties of the cured resin are 
influenced by the separate chemistries and structures of the epoxy monomer and the cross- 
linking agent. Both the level of saturation and the rate of absorption are dependent on the 
chemistry of the epoxy and curing agent employed, and degree of cure. The level of 
saturation also depends on the relative humidity (RH) as shown by Barrie and co-workers^^.
The importance of free volume in determining the amount of water absorbed in non-aged 
epoxy systems was suggested by Enns and Gillham^  ^ on the basis of Shimazaki's^^ 
conclusions on cured epoxy-anhydride systems. Although the specific volume at a fixed 
temperature above Tg decreased linearly with increasing Tg, the specific volume below Tg 
increased linearly. They observed small decreases in density (1.2370 to 1.2334 for a 
DGEBA/DDS system) with increasing crosslink density, and suggested that the proportion 
of free volume frozen into the system at room temperature increased vnth increasing Tg of 
the system. Increase of water absorption with cure was explained in these terms. The 
significance of this relationship between extent of cure with free volume and degree of 
water absorption has been confirmed by Gupta et Wong and Broutman '^ ,^ and 
Johncock and Tudgey^  ^ who studied a range of epoxies cured with DDS. Enns and 
Gillham^  ^ also observed a slight decrease in diffusion coefficient (D) with increasing cure. 
This trend is consistent with an increased localised component of absorbed water associated 
with increased microvoid content of the expanded network reported by Barrie, Sagoo and 
Johncock^^. Dielectric and rheological measurements by Pethrick et have confirmed 
recently that increasing the epoxy cure temperature increases the degree of cure and is 
associated with an increase in moisture absorption.
Not surprisingly, the cured epoxy has a highly polar character resulting from the hydroxyl 
groups formed on curing which are both proton donors and acceptors for hydrogen bonding, 
and from the sulphone and tertiary amine groups which are formed from the diamine curing 
agents. By forming hydrogen bonds at the polar sites, the molecular water may thereby
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serve as nucléation sites for cluster formation of more water molecules. Thus the cured 
resins are sensitive to water. Early work by Kwei^  ^studied epoxy resins equilibrated under 
dry and 100% RH conditions and suggested that water disrupts the interchain hydrogen 
bonding. Later work by Browning^^ indicated that water diffusion occurs in most resins by 
hydrogen bonds being formed between the water and the molecular structure of the resin. 
Daniely and Long^  ^ studied the relationship between Tg and moisture sorption in 
TGDDM/DDS samples. They showed that the amount of moisture absorbed increased with 
the extent of cure and have associated the increase in water absorption with increase in 
concentration of polar sites provide by hydroxyl groups formed during cure of the epoxy. 
However, this explanation is questionable as studies of the cure mechanism show that in the 
later stages of cure, the hydroxyl-epoxy reaction dominates and the number of hydroxyl 
sites in the resin does not increase. Morel, Bellenger and Verdu^  ^have also attempted to 
relate the equilibrium water absorption with an additive relationship based on polar group 
(amine, hydroxyl, sulphone and ether) contributions. However, the degree of water 
absorption cannot be simply explained in terms of polar group concentrations.
Johncock and Tudgey^  ^ reported that the degree of water absorption is probably related to a 
combination of both polar goups and the amount of free volume in the network. The most 
reasonable explanation is that the degree of frozen-in free volume is a fimction of Tg, and 
that this is an important factor in controlling the access of water to polar sites in the 
network.
The effect of hygrothermal history on water absorption characteristics has been intensively 
investigated by Apicella and co-workers '^ ’^^ ’^^ ’^^ '^^ .^ Johncock and Tudgey^^’^  ^ have also 
shown that water absorption has an additional adverse effect by causing a network 
expansion which results in a further increase in the absorption saturation level when a 
sample is dried and re-immersed in water. Thus, even after drying the epoxy by heating at a 
temperature below the wet Tg, subsequent water absorption results in a higher level of 
saturation. After removal of water, the network can only recover its initial state when 
relaxed at temperatures near its dry Tg. Water absoption thus has a permanent irreversible 
effect on the network, and increased free volume reflects the hygrothermal history which the 
network has experienced.
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Jones et have reported the most satisfactory explanation for the resultant increases in 
water absorption observed when moisture sorbed epoxies are heated rapidly (thermally 
spiked) but to below their Tg and subsequently hygrothermally aged. Owing to the absence 
of microcracks or délaminations they suggested that the enhanced moisture absorption must 
be accommodated vdthin the molecular and microstructure of the polymer network. 
Thermal spiking and subsequent moisture ageing causes increased levels of absorption 
compared with observed levels after normal isothermal moisture ageing at lower 
temperatures. Thus, the subsequently enhanced moisture absorption must be caused by the 
thermal-spiking process. Thermally spiking in the presence of absorbed moisture causes a 
relaxation of the polymer network, which was formed during crosslinking. The resultant 
reduction in Tg due to plasticisation is considered to be caused by diffusion of water into 
molecularly sized voids or free volume. The free volume in the polymer matrix is known to 
increase with temperature and moisture absorption was shown to increase by increasing the 
spiking temperature. At the spiking temperature, moisture can diffuse into the extra free 
volume which would otherwise not be available to accommodate the water molecules at the 
normal conditioning temperatures. During rapid cooling, the water molecules remain in the 
extra free volume, leaving more normal sites for moisture to enter during subsequent 
moisture conditioning.
With regard to the dramatic lowering of the glass transition temperature and the consequent 
degradation of high temperature properties, Pethrick and Maxwell^^ proposed that this 
depression of Tg is caused by disruption of the strong hydrogen bonds in the cured network, 
and their replacement with weaker water-related hydrogen bonds. Keenan et monitored 
the dynamic mechanical behaviour (tan ô) of a cured TGDDM/DDS systems as a function 
of water uptake. Transient dynamic mechanical tests were also performed by Mikols et 
on TGDDM/DDS and DGEBA/triethylenetetramine (TETA). A gradual net increase in 
mobility was noted on repeated cycling between dry and wet environments. The authors 
interpreted these data as demonstrating a dual mode of water uptake: (a) homogeneously 
distributed water which plasticises the network, and (b) water clusters present at 
microcracks or crazes.
31
The epoxy-water interaction has been investigated further using infrared (IR) and nuclear 
magnetic resonance (NMR) spectroscopy. Broadline NMR analysis of TGDDM/DDS 
epoxies by Moy and Karasz^  ^gave evidence of the plasticisation effect of sorbed moisture 
and suggested that, at low concentrations, the sorbed moisture was strongly localised at 
specific segments or groups in the polymer.
Fourier transform infrared (FTIR) spectroscopy was used by Antoon et to study sorbed 
water in DGBBA/nadic methyl anhydride (NMA) epoxies. Spectral subtractions showed a 
shift to lower frequency of the 1743cm’^  band. This shift led the authors to conclude that the 
water molecules were hydrogen bonded to ester groups present in the resin. Further 
evidence of localisation in the early stages of the sorption process was presented by Levy et 
al?^. They studied the internal reflectance spectra of TGDDM/DDS epoxies exposed to 
different environmental conditions. Analysis indicated moisture induced post-cure reactions 
together with hydrogen bonding of sorbed moisture to sulphone groups within the resin.
Thus the amount of water absorbed by the cured epoxy network is clearly related to the 
ability of the polar groups (amine, hydroxyl, ether, sulphone) to form hydrogen bonds with 
water, subject to substituent and network steric constraints and phase inhomogeneity.
1.7.3 Thermo-oxidative ageing in air.
Structural composite materials in aircraft applications may be exposed to temperatures 
ranging from -50°C to +120°C, with higher temperatures in proximity to engines. Strength 
and stiffriess properties are generally unaffected by cold temperatures but the polymers 
become less flexible and more susceptible to fatigue damage. Thermal fatigue, or repeated 
excursions from hot to cold, can cause localised mechanical stress.
Network degradation of a cured epoxy was first reported by Merral and Meeks^  ^who noted 
a small decrease in Tg (198°C to 180°C, by torsional pendulum) after 29 days in air at 
175°C, for a diamine-cured diglycidylether of bisphenol A (DGEBA). Bellenger and co- 
workers^^’^"^ have reported the photo and thermally-induced oxidative degradation of 
networks of DGEBA cured with various diamines including diaminodiphenylmethane
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(DDM), 4,4'-diaminodiphenylether (DDE) and DDS. Decreases in Tg (e.g. 165°C to 145°C 
over 4 iveeks for DGEBA/DDM) with thermal ageing in air at temperatures as low as 110°C 
were noted. In contrast to these observations for the 0-glycidyl epoxy DGEBA, Thoseby 
and co-workers^^ studied the A-glycidyl epoxy TGDDM cured with DDS and found no 
change in Tg or flexural modulus after 6 months at 150°C. Thus, the ether linked (O- 
glycidyl epoxies) appear to be more sensitive to oxidation than the A-glycidyl epoxy 
TGDDM.
Substantial losses in mechanical properties occur at the Tg, and high temperatures can cause 
polymers to exhibit thermally-induced chemical degradation. In a recent paper Tsotsis^^ has 
commented that in his studies of carbon/epoxy composites, glass transition temperature 
alone is a poor indicator of thermo-oxidative stability. Wright'^ ’^'^  ^has reported significant 
weight loss for TGDDM/DDS epoxies at elevated temperatures ( >200°C), e.g. 2h at 220°C 
resulted in a weight loss of 5%, and 2h at 290°C caused a weight loss of 15%. Owen et 
have studied the effect of oxidative UV photodegradation of epoxy resins by IR 
spectroscopy, the combined effect of UV and oxidation being far greater than oxidation 
alone.
1.7.4 Physical ageing
When amorphous polymers such as epoxies are cured and cooled below the Tg, the polymer 
glass can be thought of as 'frozen' such that the mobility, arrangement and distribution of 
molecules is maintained, and hence properties such as volume, bulk viscosity, free energy 
remain fixed. Thus, below Tg the molecular properties are dependent on the thermal history 
and structure rather than the temperature and pressure. Molecular relaxations do occur 
below Tg; close to the Tg the volume relaxations are relatively rapid, but below this the rates 
are very slow and decrease 'with temperature. Heating close to the Tg can cause relaxations 
of the network known as physical ageing, whereby the physical and mechanical properties 
of the glass change with time if the glass is held at fixed temperature below its Tg. This can 
be viewed as a continuation of the polymer's attempt to achieve the equilibrium structure at 
the ageing temperature, which was prevented by the onset of the glass formation at Tg.
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Physical ageing is a phenomenon which occurs in all glassy polymers when annealed below 
the Tg. It causes a decrease in damping, ultimate mechanical properties, stress relaxation 
rates, moisture absorption, moisture diffusion, coefficient of expansion (below Tg) and an 
increase in density, hardness, dynamic modulus, and coefficient of expansion (above Tg), 
and moisture swelling.
A major problem with studying the physical ageing of epoxies is control of the network 
structure since at elevated temperature close to the Tg continued cure or thermal degradation 
can obscure the physical ageing effects. Kong^  ^and Kim^  ^and co-workers have reported the 
effects of physical ageing on epoxies. The relationship of free volume to epoxy matrix 
structure was studied by Mijovic^^ ,^ who found evidence of physical ageing in epoxies, 
produced by sub-Tg annealing and characterised by a decrease in free volume.
1.7.5 The combined effects of humidity and thermal cycling.
In many applications, temperature and moisture may cause comparable deformations and 
the two effects may be difficult to separate. Although analogous to thermal expansion 
behaviour, the vast difference between moisture and temperature equilibration rates means 
that most composites in use contain moisture concentration gradients. Therefore, thermal 
and mechanical properties may vary through a composite structure depending on the degree 
of moisture absorption. Wolff^ ^^  has reviewed moisture expansion data and their effects on 
the dimensional stability of composites.
In service, composites often undergo thermal cycles and since under most conditions 
moisture absorption continues at the same time, the combined effects are important. For a 
moisture-equilibrated laminate, in which the thermal strains have been reduced, excursion to 
a higher temperature could lead to a higher level of thermal strain than present in the as- 
fabricated material. Thermal cycling of the wet composite can lead to microcrack formation. 
Thus, a wet laminate subjected to a series of thermal cycles can have significant levels of 
damage.
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In studying the effects of water absorption on polymer and composite properties, Jones^  ^has 
emphasised that in comparison to heat transfer, mass transfer of the water molecule is 
slower by a factor of ~10 .^ Thus the moisture equilibrium of a 12.5mm thick carbon fibre 
epoxy laminate at 350K (77°C) can take -13 years whereas thermal equilibrium only 
requires 15 seconds. Thus, in practice steep moisture gradients exist through the thickness of 
a composite laminate and heating superimposes further internal strains on the composite.
1.7.6 Thermal spiking
Advanced aircraft, flying at supersonic speeds can increase the wing skin temperature by a 
minimum of 100°C. In proximity to engine housings, the materials are also subjected to 
thermal cycles at even higher temperatures. In service, an aircraft may only be required to 
fly supersonic intermittently, so moisture absorption caused by extended periods of 
exposure to humidity between thermal excursions can be significant. To simulate this 
service requirement, composites are often subjected to thermal spikes during the monitoring 
of moisture absorption.
Thermal spiking can result in an enhanced moisture absorption by fibre reinforced 
composites subjected to a humid environment. The phenomenon has been observed to occur 
in a range of epoxy resin systems. Since the timescale for moisture equilibration is long, the 
effect of thermal excursions on the kinetics of difftision is also of importance. There have 
been several reports of enhanced moisture absorption as a result of a thermal spike.
During the thermal spike, some moisture is lost but on re-immersion in the humid 
environment, the moisture absorption rises to a higher level than the initial value.
has reported extensively on the effects of thermal spiking and 
suggested the most likely mechanism of this phenomenon which was discussed earlier. 
Browning"^  ^ has reported that microcracks can ocur in some resin castings as a result of 
thermal spikes, and can contribute to increases in water absorption. However, Jones et 
examined specimens using various microscopic techniques and found no evidence of 
microcracks or other damage after thermal spiking.
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Absorption of moisture into the resin, either as a result of a humid service environment or 
immersion in water, swells the resin matrix and tends to negate the thermal strains. Matrix 
swelling that occurs on absorption of moisture is analogous to the thermal expansion that 
occurs on heating. However, Jones^ ^  ^has also reported that water absorption may cause an 
increase in residual stress in a composite due to the mismatch of swelling coefficients in the 
transverse and longitudinal directions. In many cases the temperature dependence of the 
resin expansion coefficient after water absorption does not necessarily remain the same and 
the resulting increase in residual stress is not offset by the reduction in Tg which may also 
occur. Jacobs and Jones*^ '^  have suggested that subjecting a wet laminate to a thermal cycle, 
e.g. post-curing caused by the thermal spike after water absorption, can lead to an enhanced 
thermal strain. Therefore, the residual stress state can fluctuate under conditions where 
moisture absorption and excursions to higher temperatures occur. Coupled or synergistic 
effects between moisture induced swelling, plasticisation and damage are difficult to analyse 
and are often described in terms of altered non-linear viscoelastic properties. Springer^and 
Woiffi06 extensively reviewed the effects of hygrothermal ageing on mechanical 
properties.
1.8 Methods of reducing water absorption.
Absorbed moisture in cured epoxy resins has serious adverse effects on both bulk polymer 
and composite properties. The effects of increased crosslink density on water absorption 
have been described earlier; however, highly crosslinked epoxy matrices are necessary in 
order to attain the thermal and mechanical properties required to meet the demands of high 
performance composites. Also, highly crosslinked epoxy resins are superior to the lower 
crosslinked diglycidyl systems, because as well as offering higher TgS and mechanical 
properties, they also have better hot-wet mechanical and thermal properties than diglycidyl 
systems after moisture ageing. Increasing the length of any hydrophobic chain between the 
epoxy functional groups will clearly reduce water affinity, but this also has the effect of 
reducing crosslink density, and hence reduces important features such as Tg and mechanical 
properties at elevated temperatures.
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Several approaches to reducing the amount of water absorbed by epoxies have been 
explored in attempts to retain the mechanical and thermal properties of both bulk polymer 
and composite after ageing in moist service applications. Physical problems such as 
maintaining good interfacial bonding and reducing voids in the cured composite are clearly 
important to minimise capillary action, but the major problem is to reduce the moisture 
absorption of the polymer matrix vdthout compromising its thermal and mechanical 
properties.
1.8.1 Barrier coatings.
Many structural composites are finished with paint coatings which can serve as a protective 
finish as well as being decorative. The paint barrier may help to repel droplets of surface 
water, but in practice, although the barrier coatings may absorb little water, they may have 
high diffusion coefficients and hence be very permeable to water vapour, thus allowing 
atmospheric water vapour to absorb into the matrix resin. It is generally well accepted that 
organic paint coatings do not provide the moisture barrier needed to protect carbon fibre 
epoxy composites from critical strength-degrading moisture absorption.
Another approach has been to use aluminium foil coatings, either as a solid foil applied in a 
secondary bonding operation, or foil applied by co-curing with the laminate. Staebler and 
Simpers^^  ^have reported that by using these coatings, moisture pick-up by the laminate was 
reduced by up to 65%, after humidity exposure and thermal cycling. Their studies also 
indicated that even greater reductions may be possible if the foil is painted. However, these 
foil coatings do cause extra weight, processing problems, and in-service problems and have 
not been used extensively in composite applications.
In general, barrier coatings have not been accepted as the approach to solving the problem 
of reducing water absorption in carbon fibre epoxy composites.
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1.8.2 Blocking agents.
Blocking agents are compounds such as isocyanates which react with the polar functional 
groups such as hydroxyl, and secondary and tertiary amine groups which are present in the 
cured epoxy. It is generally accepted that these polar groups have hydrophilic characteristics 
and are responsible for water absorption via hydrogen bonding mechanisms. Fisher et al.
Hu et and Kelly et showed that the amount of water absorbed by a TGDDM 
epoxy cured with DDS was significantly lowered when blocking agents were absorbed into 
thin films of the cured epoxy. This approach could only be applied to thin films because it 
relied on the absorption of the blocking agent into the cured epoxy. More recently Lonikar 
et incorporated various blocking agents into the epoxy formulations prior to cure. This 
had the effect of lowering the water absorption of the cured epoxy without affecting the 
elastic modulus, however, the polymer network was affected and the Tg of the cured epoxy 
was lowered.
1.8.3 Optimisation of cure.
It has been mentioned previously that increased crosslink density results in a higher Tg but 
is also associated with an increase in water absorption. Optimisation of cure to achieve a 
high utilisation of the curing agent present in the formulation and hence attain high cross­
link density is important in order to achieve a high Tg. Unreacted excess curing agent causes 
an increase in water absorption and can reduce the mechanical properties of the network. 
Hydroxyl/epoxy group reactions may occur at later stages of cure, especially if amine/epoxy 
group reactions are sterically prevented by network constraints. Whereas a primary or 
secondary amine provides a net gain of a hydroxyl group in its reaction with an epoxy 
group, a hydroxyl group does not. Thus with a deficiency of hardener, further cure at 
elevated temperature mainly involves hydroxyl group/epoxide reactions with no net change 
of polar group concentration, and any increase in water absorption is mainly due to the 
increase in free volume associated with the increase in Tg. With stoichiometric amounts of 
curing agent sufficient amine groups are available to provide some additional reaction under 
elevated temperatures producing a net gain in polar group concentration. In this case both 
free volume and polar group concentration increase with cure, and the amount of water
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absorbed is correspondingly increased. Thus to attain maximum Tg with optimum lowest 
water absorption, the epoxy is usually fully cured with a less than stoichiometric amount of 
amine curing agent.
1.8.4 Halogen-substituted di-epoxides.
In the early 1970s incorporation of substituted halogen into difunctional epoxy resins or the 
use of halogen-containing additives were found to reduce water absorption. The superior 
water resistance of 2,4,6-tribromo-AyV-Ô75'(2,3-epoxypropyl)aniline cured with 1,3- 
diaminobenzene was first noted by Newey and Busso^^ ’^^ ^^  for the U.S. Shell Chemical Co., 
and was initially patented for its flame-retardant properties. The reduced water absorption 
compared with the unsubstituted diglycidyl epoxy was fully confirmed by Eckstein""^, in his 
report on a number of systems. Investigations by Griffith and co-workers^ have also 
demonstrated the beneficial effect of chlorine and fluorine in diglycidyl ethers, anhydride or 
diamine hardeners, and additives in improving water resistance. The best systems to emerge 
absorbed only about 0.3% water after 12 months immersion which compared with about 5% 
for a typical non-fluorinated epoxy exposed to the same conditions^ Shaw and co- 
workers^^  ^ conducted a detailed study of water absorption and mechanical properties of 
these materials with respect to formulation variables. However, because of their 
insufficiently high TgS, such systems have not been considered as high performance 
composites.
Halogenated difimctional epoxy resins with increased hydrophobicity have been developed 
and studied by Johncock and Tudgey^^’^ .^ Initial studies were concerned with halogen 
containing diglycidylanilines cured with 1,3-diaminobenzene. Various degrees of 
halogénation were found to result in reduced water absorption compared with the parent 
diglycidylaniline (DGA). Values of water absorption and diffusion coefficients (D) were 
obtained after immersion in water at 20°C. Bromine and chlorine substituents were found to 
have a greater effect on hydrophobicity than the trifluoromethyl substituent. The tribromo 
system had the lowest water absorption value (0.75% ) which was marginally better than the 
trichloro (1.1%) and fluoroalkoxy systems (0.98%). It was apparent that the introduction of 
chlorine and bromine had little effect on the diffusion coefficient. However, introduction of
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two trifluoromethyl groups increased it by more than an order of magnitude. An inverse 
correlation between water affinity and diffusion coefficient was observed with the fluorine- 
modified DGA, and a similar correlation was noted by Shaw and co-workers^^  ^with other 
fiuoro-epoxies. This means that the most hydrophobic systems generally exhibited the 
highest diffusion coefficients, which is clearly of importance when considering such 
systems as protective barrier coatings.
Daniely and Long^  ^have reported that absorbed water is primarily associated with hydroxyl 
sites. Johncock and Tudgey^^’^  ^reported that there was a rough correlation between molar 
concentration of hydroxyl sites and water absorptions for the systems examined, but other 
factors such as the effects of substituent steric and electronic factors also play a significant 
part. The methyl group has a similar steric requirement to that of bromine but it was 
apparent that bromine was much more effective than methyl in reducing water absorption; 
on the other hand the trimethyl system had a lower diffusion coefficient. The ratios of water 
absorption to hydroxyl site concentrations indicated a modest level of site occupancy. 
Bromo and chloro substituents were clearly most effective in reducing this ratio. The 
intermediate effect of the methyl substituent suggested the contributary role of both steric 
and electronic factors.
Johncock and Tudgey^^’^  ^also reported that orr/zo-substitution of DGA imposes a powerful 
steric factor in reducing water absorption of the network. Substituents in the ortho- position 
reduce water absorption by adversely affecting the hydrogen bonding capability of the 
amine group and limiting the extent of reaction by steric interference. The trimethyl- 
substituted DGA system would be expected to have a higher water absorption than that of 
the non-substituted system. In fact, the absorption value was lower, and indicated that the 
ortho substituents sterically hinder hydration. The contribution of polar groups in terms of 
hydrogen bonding capabilities was reflected by the effect of meta substituents. With the 
meto-substituted DGA, the inductive effect was the dominant factor determining the 
hydrogen bonding efficacy of the affected nitrogen atom. The observed water absorptions 
were in line with the expected electronic effects of the substituents on the basicity of the 
amine group.
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The relatively low Tg (<150°C) of these halogen-substituted DGAs means that although 
they exhibited lower water absorption than DGA, they have not found applications as high 
performance composite matrices.
In an attempt to combine low water absorption with a higher Tg, Goobich and Marom^^  ^
combined TGDDM with brominated diglycidyl epoxy co-reactants. They reported 
reductions in water absorption by as much as 50% (from -7% to ~3% in water at 98°C). 
However, this was at the expense of the dry Tg which was reduced by about 30°C.
1.8.5 Curing agents with reduced water affinity.
The water affinity of the cured epoxy will be affected by the chemistry and structure of the 
curing agent used to cross-link the epoxy. As well as aromatic diamines, anhydride curing 
agents can offer high TgS but are also associated with higher water absorption. Latent 
hardeners such as dicyandiamide (DICY) can also cause increased water absorption due to 
residual uncured curing agent in the epoxy. The use of nadicmethylenetetrahydrophthalic 
anhydride (NMA) with benzyldimethylaniline (BDMA) can reduce water absorption but 
these systems also have lower TgS than aromatic diamine cured systems. Shaw and co­
workers reported increased hydrophobicity with fluorine containing silicone-amine curing 
agents. The effect was enhanced by both increasing the content of fluorine and the size of 
the molecule, although this was associated with a reduction in cross-link density and hence 
Tg-
1.8.6 Recent developments of novel epoxies.
In a review of novel epoxies and curing agents Johncock^^  ^ reported that some novel 
tetrafunctional epoxy systems and structurally related curing agents have emerged from 
industrial research in the U.S.A. and are marketed by the Shell Chemical Company. These 
systems have an increased aromatic content between the functional groups and offer reduced 
water absorption for improved hot-wet properties. Bauer and co-workers^^  ^ cured these 
systems with the methyl-substituted diamines also and reported the reductions in Tg which 
were more than compensated by their reductions in water absorption and it was apparent
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that their hot/wet retention of flexural modulus was significantly better than that of 
TGDDM/DDS. Another epoxy of interest for high temperature applications is a recent 
epoxy developed by Dow Chemical Company (Dow XD7342) which is mainly a mixture of 
trifunctional /r/5(0-glycidylphenyl)methane isomers. This system offers a Tg greater than 
300°C when cured with DDS, but has a higher water absorption than TGDDM.
Halogen-substituted TGDDMs have been reported to have significantly reduced water 
absorption^^, and it was apparent that chlorine and bromine substituted TGDDM/DDS 
showed the most beneficial effect in reducing water absorption without reducing dry Tg 
compared with TGDDM.
These novel epoxy systems are ideal candidates to be evaluated as novel carbon fibre 
composite matrices with improved hot-wet performance.
1.9 Objectives of research
The predominance of epoxies in the manufacture of structural composites for aerospace use 
is expected to continue well into the next century. High performance carbon fibre epoxy 
composites for aerospace structural applications continue to be based upon the 
tetrafunctional epoxy system TGDDM cured with DDS. Absorption of environmental 
moisture and its damaging effect on composite performance has been recognised as a major 
problem with TGDDM systems. Thus, although they provide materials with an acceptable 
dry Tg of about 265°C, their use is limited to about 125°C.
In order to provide epoxy-based matrices having the necessary basic properties of a high 
modulus and a high glass transition temperature, the epoxy resin must have a high 
functionality (>3). Although high cross-link density is associated with high Tg, the limiting 
factor in composite applications is that good hot-dry properties are often accompanied by 
poor hot-wet properties. Because of these problems, a major objective in the quest for 
improved performance has been to produce matrix materials with a lower water affinity 
without compromising the Tg value.
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It has been established that the introduction of substituted halogen into a TGDDM system^  ^
decreases water absorption without a significant reduction in Tg. Thus, the major objective 
of this research programme was to determine the effects of hygrothermal and oxidative 
ageing (typical of extreme service environments) on bulk polymer and derived composite 
properties and to demonstrate improvements compared with the baseline TGDDM/DDS 
sytems and other novel sytems.
The objectives are related to matrix polymer studies and derived composite properties as 
follows:
Matrix polvmer studies
• The objective of the research programme was to provide a detailed study of the 
properties of new epoxy-based matrix resins and to determine improvements in 
performance over current TGDDM based matrices. The requirements are epoxy 
matrices with glass transition temperatures (TgS) comparable to or higher than TGDDM, 
being stable at elevated service temperatures and attaining a much reduced water 
absorption to minimise the effects of humidity, and hence vastly improve the composite 
performance in service.
• This involved the syntheses of sufficient quantities of the halogen-substituted TGDDM 
systems and comparative evaluations with commercially available materials. A 
fundamental and systematic evaluation of these new and modified systems was required 
in order to achieve a sound understanding of enhanced structure/property relationships.
• To study the comparative relationships between the bulk polymer properties of water 
absorption, Tg, and flexural modulus of the matrix polymers.
• To study the way in which O- and A-glycidyl based epoxy systems respond to thermal 
oxidative ageing in air; this aspect has received little attention compared with studies of 
the effect of hygrothermal and even physical ageing. This required monitoring 
parameters such as weight changes, glass transition temperature, water absorption, and 
flexural modulus.
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To study the synergistic effects of oxidation followed by moisture absorption on water 
absorption and Tg. These synergistic conditions are typical of high performance 
applications and have not been investigated previously in any depth.
Composite properties derived from novel matrix polymers.
To prepare high quality uni-directional carbon fibre composite test specimens for a 
series of 0 -glycidyl and A-glycidyl matrix systems selected to provide a range of 
improved water absorption capacities. Since flaws and voids in castings and composite 
specimens have significant effects on rates of oxidation and water absorption, as well as 
ILSS values, the development of an improved process for producing high quality 
unidirectional composite bars offered a technique for the acquisition of reliable data 
using relatively small quantities of resin.
To study the effect of hygrothermal and oxidative ageing on composite performance 
(ILSS) for the selected series of 0-glycidyl and iV-glycidyl matrices. This required 
monitoring water absorption, weight changes, and TgS, and assessing composite 
performance at elevated temperatures (120°C and 150°C) by measuring interlaminar 
shear strength (ILSS), a fibre/matrix interface dominated property.
To study the synergistic effects of oxidative ageing followed by water absorption on 
composite properties and the relationship between changes in water absorption, Tg, and 
ILSS at elevated temperatures (120°C and 150°C).
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Chapter 2.
Experimental
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2.1 Materials
2.1.1 Epoxy Resins
The chemical names and stuctures of the epoxy resins used in the research programme are 
shown below in Table 2.1 and Figure 2.1.
Table 2.1 Chemical names and sources of epoxy resins
Acronym Commercial name/ 
Supplier
Chemical name of major component of the 
epoxy resin
TGDDM Araldite MY720 
(Ciba Geigy Ltd)
tetraglycidyl 4,4 ' -diaminodiphenylmethane or: 
bis[N, N-bis(2,3 -epoxy-propyl)-4- 
[aminophenyl]methane
CI2-TGDDM synthesised
(Exp.GTl)
6zj[2-chloro-A//V-6A(2,3-epoxypropyl)-4-
aminophenyljmethane
Brz-TGDDM synthesised
(Exp.GT2)
/7Z5'[2 -bromo-A/A-/)75'(2 ,3 -epoxypropyl)-4 -
aminophenyl]methane
CI4-TGDDM synthesised
(ExpGT3)
Z)/5 [2 ,6 -dichloro-A/A-/j/5(2 ,3 -epoxypropyl)-4 -
aminophenyljmethane
XD7342 DowXD7342.02L 
(Dow Chemical Co.)
/rA[4-(2,3-epoxypropoxy) phenyl] methane 
isomers
1072 EponHPT”’ 1072-M 
(Shell Chemical Co)
A/A/A',A-tetraglycidyl-a,a’-/?z5 (4-amino-3,5 
dimethylphenyl)-/>-diisopropylbenzene.
TGPAP (synthesised in an 
earlier programme)
triglycidyl-p-aminophenol
DGA (synthesised in an 
earlier programme)
diglycidyl aniline or A/A-èz5 (2 ,3 -epoxypropyl) 
aniline
DGEBA Epon 825
(Shell Chemical Co)
diglycidyl ether of Bisphenol A
1031 Epon 1031 
(Shell Chemical Co)
tetraglycidyl ether of tetraphenol ethane
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Figure 2.1 Chemical structures of the major epoxy component.
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Figure 2.1 (continued) Chemical structures of the major epoxy component.
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2.1.2 Curing agents
The chemical names and structures of the curing agents used are shown below in Table
2.2 and Figure 2.2.
Table 2.2 Chemical names and sources of the curing agents.
Acronym Commercial name/ 
(supplier)
Chemical name
DDS HT 976 
Ciba Geigy
4,4 ’ -diaminodiphenylsulphone
1062 Epon HPT^lOôa-M 
(Shell Chemical Co)
4,4 ’ - [ 1,4-phenylene( 1 -methylethylidene)] 6  w(2,6- 
dimethylbenzenamine)
H2N
n
O
NH2 (DDS)
NH2 (1062)
Figure 2.2 Chemical structures of the curing agents.
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2.1.3 Chemical reagents
The reagents for synthesis reactions and epoxy resins and curing agents for resin 
impregnation solutions were used as supplied from the commercial sources.
3-chloroaniline 99% purity -Aldrich Chemical Co.
3 -bromoaniline 98% purity -Aldrich Chemical Co.
3 ,5 -dichloroaniline 98% purity -Aldrich Chemical Co.
epichlorohydrin 99% purity -Aldrich Chemical Co.
formaldehyde 37 % wt in water -Aldrich Chemical Co.
tetrahydrofuran (THF) HPLC grade -Rathbone Chemical Co.
water distilled
methyl ethyl ketone (MEK) May & Baker Ltd. 
dichloromethane May & Baker Ltd.
2.1.4 Carbon fibre
Grafil XAS, a high strength, high strain, surface treated but unsized carbon fibre with a 
density of 1.80 g cm'  ^ (Courtaulds Ltd. Advanced Materials Technical data sheet June 
1989), was used to prepare the carbon fibre composites. Two batches of Grafil XAS carbon 
 ^fibre (6000 filament tows) were used in this programme: XAS 5LXA and XAS 6 LXA.
2.2 Characterisation
2.2.1 High performance liquid chromatography (HPLC)
Analytical high performance liquid chromatography (HPLC) was carried out with a 
chromatograph (Millipore-Waters Ltd) employing a linear solvent gradient of 40% 
tetrahydrofuran (THF)/60% water rising to 90% THF/ 10% water over 20 minutes. A 
reverse phase Spherisorb 50DS column (250x3.9mm), maintained thermostatically at 
30°C, was used with a Millipore Waters model 481 ultra-violet detector operating at 
280nm, and linked to a Spectra Physics SP4100 recorder-integrator. Samples of the
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synthesis products were injected as solutions (concentration 2-5%) prepared with the 
eluant.
2.2.2 Epoxy equivalent determination
Published m e t h o d s f o r  the determination of the epoxide index of amine epoxy resins : 
with a potentiometric titration of 0.1 M perchloric acid in glacial acetic, were used to 
obtain epoxy equivalent weights of the epoxy resins.
2.2.3 Rheology
A Rheometrics dynamic spectrometer (RDS 7700) was used to study the change in log 
dynamic viscosity (p*) of the carbon fibre tows impregnated with the epoxy resin/curing 
agent systems during the cure process. The impregnated tows were thoroughly degassed 
in a vacuum oven for 16h at 90°C, and 20 mm long sections cut from the tow with a 
diamond-wheel saw. A flat specimen approximately 4 mm thick was obtained from the 
central core of the tow by paring off the outer layers with a scalpel. The instrument was 
equilibrated at 30°C and the gap-zero set. Runs were carried out at 10 rad/sec with a 
maximum strain of 1%. The sample was inserted between disposable parallel plates 
(25mm diameter) and the plates closed until contact was made. The temperature 
programme was then set to match that used to prepare the composite bars (30 - 150°C at 
4K7min). As the temperature increased the matrix resin softened, and the plates could be 
closed to the desired setting. A gap of 2 mm was found to be satisfactory. Since the plates 
were heated by the flow of hot air, it was thought possible that a larger gap setting might 
expose the sample to a temperature higher than that intended; however, preliminary 
experiments showed that there was no difference in cure rates with gaps varying between 
2 and 5 mm.
2.2.4 Density measurements
The density of the cured epoxy resins was determined from the weighed mass of a cast 
rectangular block or cylinder of the material, the volume was calculated from its 
measured dimensions. The density of the composite test bars was determined from the
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weighed mass of the cured bar divided by the volume calculated from its dimensions 
(width, w; thickness, t; and length, 1). The density of the Grafil carbon fibre was taken as 
1.80 g cm"^  (data supplied by the manufacturer). The mass of carbon fibre in the 
composite bar was determined by measuring the mass/unit length of the carbon fibre tow 
(0.0039 g cm "\ and counting the number of parallel tows in the bar. This was calculated 
to produce a composite which contained a fibre volume fraction of 60%.
2.2.5 Fourier transform infrared (FTIR) studies
Thin films (0.010 mm thick) of the cured epoxies were clamped in a metal holder 
designed to fit centrally in the infrared beam of a Perkin Elmer FTIR Model 1750. The 
unaged films were examined by FTIR in the transmission mode, then placed in an air- 
circulating oven at 150°C, removed at the pre-determined times for re-examination by 
FTIR, then returned to the oven for further ageing.
2.2.6 Scanning electron microscopy (SEM)
The fracture surfaces of bulk polymer and interlaminar shear test specimens were examined 
using a Hitachi S-450 scanning electron microscope. Prior to examination by SEM, the 
specimens were mounted on a stub and vapour-coated with a thin layer of gold-palladium to 
enhance conductivity and reduce charging .
2.2.7 Determination of carbon fibre content
After interlaminar shear testing, the carbon fibre composite specimens were dried to 
constant weight and the percentage weight of carbon fibre was then determined by a resin 
digestion method*^ .^
2.2.8 Dynamic Mechanical Thermal Analysis
Dynamic Mechanical Thermal Analysis (DMTA) was used primarily to determine the 
glass transition temperatures (TgS) of the epoxy resin and composite samples studied. The
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variation of the dynamic storage modulus (E’) and the damping factor (tan ô), with 
temperature and frequency allows the characterisation of the viscoelastic properties of a 
particular sample. The technique detects motional transitions and provides a sensitive 
means of studying primary alpha-transitions, which are associated with the ; molecular 
relaxation of the chains in the region of the glass transition temperature (Tg) and 
secondary beta-transitions which are associated with the segmental motion of the chain 
or side groups^^ .^
The instrument operates by applying a sinusoidal stress to a specimen and measuring the 
resultant strain. Two dynamic moduli E’ (in phase with the strain) and E” (out of phase 
with the strain) are measured. The phase angle between stress and strain is defined as 5. 
The DMTA can give a plot of log (E’), log (E”) and log (tan ô) versus temperature. Glass 
transition temperatures can be determined by DMTA from following methods:
(a) The peak maximum of the loss modulus curve [log (E”)]
(b) The extrapolated onset of the fall in storage modulus [log (E’)]
(c) The peak maximum of the log (tan ô) curve
Methods (a) and (b) give the closest approximation to the onset of Tg and the temperature 
at which the mechanical stiffness begins to fall dramatically, whereas log (tan ô) usually 
provides a higher value of Tg at which point the modulus is very much lower.
Glass transition temperatures (TgS) of the cured epoxy resin specimens were determined
by using a Polymer Laboratories Mkll DMTA apparatus operating in single cantilever
bending mode (20xl0x0.5mm specimens) or double cantilever bending mode for the
longer specimens (50xl2.5x2.0mm) which were required for the programme of flexural
modulus measurement using a bench-scale Instron. A constant frequency of lOHz was
applied throughout the experimental run, with a strain rate of xl and a heating rate of
4K/min in a nitrogen atmosphere. The Tg was taken as the peak of the loss modulus
curve [log(E”)]. The TgS of composite specimens were also measured using the same
apparatus and conditions described above in a double cantilever bending mode 
3(50xl2.5x2.0mm specimens). For moisture-saturated composite specimens, both the peak
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of the loss modulus curve [log(E”)] and the temperature of the extrapolated onset of the 
fall in storage modulus [log(E’] were determined.
2.3 Mechanical testing
2.3.1 Flexural Modulus measurement
The flexural modulus (a mean of at least 5 test specimens) of cured epoxy resin specimens 
(50xl2.5x2.0mm^) was measured in a 3-point bending mode at room temperature using a 
bench-scale test machine (Instron model 1122) fitted with a IkN load cell, following the 
BS2782/method 335A (ISO 178-1975) procedure.
2.3.2 Interlaminar shear strength (ILSS)
The ILSS (a mean of at least 8  test specimens) of the uni-directional composite specimens 
(dimensions 14xl2.5x2.0mm) was determined at both 150°C and 120°C using an Instron 
tensile test machine equipped with an integral oven following the Composite Research 
Advisory Group (CRAG) recommended three point short beam test^ ^  ^ which is in 
agreement with other standard methods^^ .^
2.4 Synthesis of halogen-substituted TGDDM derivatives
The required halogen-substituted TGDDM epoxy resins were synthesised following a 
published method^^  ^ according to the reaction scheme shown below in Figure 2.3.
A ‘one-pot’ experimental procedure was adopted. The substituted anilines and an excess of 
epichlorohydrin in the presence of acetic acid gave the corresponding bischlorohydrins (la- 
c). After removal of epichlorohydrin and acetic acid by distillation the residue was heated 
with aqueous formaldehyde in the presence of hydrochloric acid to give the corresponding 
tetrachlorohydrins (Ila-c) which were dehydrochlorinated in situ to provide the required 
tetraepoxides (Illa-c).
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Figure 2.3 Synthesis reaction for the preparation of halogen-substituted TGDDM
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2.4.1 Preparation of N,N-bis (2-hydroxy-3-chloropropyI) anilines containing halogen 
(la-c)
A solution of the appropriately substituted aniline and glacial acetic acid was stirred under 
nitrogen, heated at 80°C, and epichlorohydrin (10% molar excess) slowly added from a 
tap addition funnel so that the exotherm was controlled below 85°C. The quantities for 
each reaction were as follows:
Exp.GTl
3 -chloroaniline (255g, 2.0 mol), epichlorohydrin (41 Ig, 4.44 mol), 
glacial acetic acid (lOOg)
Exp.GT2 3-bromoaniline (307g, 1.78 mol), epichlorohydrin (363g, 3.92 mol), glacial 
acetic acid (lOOg)
Exp.GT3 3,5-dichloroaniline (205g, 1.27 mol), epichlorohydrin (258g, 2.79 mol) glacial 
acetic acid (lOOg)
The reactions were monitored by reverse phase HPLC and proceeded smoothly to give the 
corresponding bis (chlorohydrins) in greater than 90% yields (based on non-calibrated 
peak areas). The excess epichlorohydrin and acetic acid were distilled off at about 80°C 
(oil bath)/30mm Hg and the residue used without further purification.
2.4.2 Preparation of bis [iV,iV-A/s(2,3-epoxypropyl)-4-aminophenyl] methanes 
containing halogen substituents (Illa-c)
a. Exp. GTl. bis [2-chIoro-A^,A-ô/s(2,3-epoxypropyl)-4-aminophenyl] methane (Ilia).
To the bis (chlorohydrin) (la), prepared as described above in section 2.3.1, water (318g), 
36% w/w hydrochloric acid (212g, 2.09 mol) and 37% aqueous formaldehyde (99g, 1.22 
mol) were added, and the stirred mixture heated at 50°C for 3h. Reverse phase HPLC 
showed the tetrachlorohydrin (>80% of the product composition) as a partially resolved
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isomeric mixture of a major and two minor components. The aqueous acid layer was 
removed and the residue (Ha) washed with water (3 x 300 ml). The residue was 
neutralised (pH 7) with sodium hydroxide pellets (20g, 0.5 mol), the aqueous layer was 
removed and the residue washed with water (3 x 300 ml). The residue was transferred to a 
round bottom flask with dichloromethane ( 1 0 0  ml) and dried in a rotary film evaporator 
for 3h at 60°C (0.5 mm Hg), then on a vacuum line for 4h at 60°C (<1 x lO'^mm Hg). The 
residue was then dissolved in methyl ethyl ketone (MEK) (1.51), filtered (No 1 paper) and 
transferred to a 31 flask equipped with a stirrer and water condenser. The 
dehydrochlorination was then effected by heating the mixture to 40°C, and adding sodium 
hydroxide pellets (210g, 5.25 mol) in portions over Ih. The supplied heat was adjusted to 
maintain the reaction at 50°C for 4h. During this time the reaction was monitored by 
HPLC. The reaction mixture was then filtered (No 1 paper) to remove the salt, which was 
washed with MEK (3 x 200 ml). The filtrate was dried over anhydrous magnesium 
sulphate (~50g), filtered (No 1 paper), and dried in a rotary film evaporator for 4h at 60°C 
(0.5 mm Hg) and then a vacuum line for 7h at 55°C (<0.01 mm Hg). This afforded a 
crude product (412g, 84% yield) comprising a major component (Ilia) which was 73% 
(based on non-calibrated peak areas) of the product composition. A smaller quantity of 
the resin (70g) was then completely dried on a vacuum line for 4h at 65°C (<1 x 10’^  mm 
Hg) to remove all traces of solvent before use in the research programme.
b. Exp.GT2. bis [2-bromo-A^A-6fX (2,3-epoxypropyl)-4-aminophenyl] methane (Illb)
To the Z)w(chlorohydrin) (Ib) prepared as described in section 2.3.1, water (318g), 36% 
w/w hydrochloric acid (212g, 2.09 mol) and 37% aqueous formaldehyde (8 8 g, 1.09 mol) 
were added and the stirred mixture heated for 6 h at 42°C. Reverse phase HPLC showed 
the tetrachlorohydrin (85% of the product composition) as a partially resolved isomeric 
mixture of a major and two minor components. The aqueous acid layer was removed and 
the residue (Ilb) washed with water (3 x 300 ml). The residue was neutralised, (pH7) with 
sodium hydroxide pellets (30g, 0.75 mol), the aqueous layer was removed and the residue 
washed with water (3 x 300 ml). The residue was transferred to a round bottom flask with 
dichloromethane (100 ml) and dried in a rotary film evaporator for 3h at 60°C (0.5 mm 
Hg), then on a vacuum line for 5h at 60°C (< 1 x 10'  ^mm Hg). The residue was then
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dissolved in MEK (1.51), filtered (No 1 paper) and transferred to a 31 flask equipped with 
a stirrer and water condenser. The dehydrochlorination was then effected by heating the 
mixture to 40°C, and adding sodium hydroxide pellets (210g, 5.25 mol) in portions over 
Ih. The supplied heat was adjusted to maintain the reaction at 50°C for 3h. During this 
time the reaction was monitored by HPLC. The reaction mixture was then filtered (No 1 
paper) to remove the salt, which was washed with MEK (3 x 200 ml). The filtrate was 
dried over anhydrous magnesium sulphate (~50g), filtered (No 1 paper), and dried in a 
rotary film evaporator for 3h at 50°C (0.5 mm Hg) and then on a vacuum line for 7h at 
55°C (<1 X 10'  ^mm Hg). This afforded a crude product (380g, 74% yield) comprising a 
major product (Illb) which was 78% (based on non-calibrated peak areas) of the product 
composition. A smaller quantity of the resin (120g) was then completely dried on a 
vacuum line for 5h at 75°C (<1 x 10'  ^mm Hg) to remove all traces of solvent before use 
in the research programme.
c. Exp.GTS. bis [2,6-dichloro-N,N-^s(2,3-epoxypropyl)-4-aminophenyl] methane 
(IIIc)
To the bis (chlorohydrin) (Ic) prepared as described in section 2.2.1, water (200g), 36% 
w/w hydrochloric acid (135g, 1.33 mol) and 37% aqueous formaldehyde (63g, 0.78 mol) 
were added and the stirred mixture heated for 19h at 42°C. Reverse phase h.p.l.c showed 
the tetrachlorohydrin (8 8 % of the product composition) as a partially resolved isomeric 
mixture of a major and two minor components. The reaction mixture formed a thick 
emulsion, which was washed with water (3 x 300 ml) and the residue (He) neutralised 
(pH7) with sodium hydroxide pellets (30g, 0.75 mol). The aqueous layer was removed 
and the residue washed with water (3 x 300 ml). The residue was transferred to a round 
bottom flask with dichloromethane (100 ml) and dried in a rotary film evaporator for 3h 
at 50° C (0.5 mm Hg), then on a vacuum line for 5h at 60°C (<lxlO'^mmHg). The residue 
was then dissolved in MEK (1.51), filtered (No 1 paper) and transferred to a 31 flask 
equipped with a stirrer and water condenser. The dehydrochlorination was then effected 
by heating the mixture to 40°C, and adding sodium hydroxide pellets (120g, 3.0 mol) 
over Ih. The supplied heat was adjusted to maintain the reaction at 50° C for 4h. During 
this time the reaction was monitored by HPLC. The reaction mixture was then filtered
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1 paper) to remove the salt, which was washed with MEK (3 x 200 ml). The filtrate was 
dried over anhydrous magnesium sulphate (~50g), filtered (No 1 paper), and dried in a 
rotary film evaporator for 4h at 60°C (0.5 mm Hg) and then on a vacuum line for 9h at 
55°C (<1 X lO'^mm Hg). This afforded a solid crude product (253g, 71% yield) 
comprising a major component (IIIc) which was 77% (based on non-calibrated peak 
areas) of the product composition. A smaller quantity of the resin (94g) was then 
completely dried on a vacuum line for 8 h at 100°C (<1 x 10'  ^ mm Hg) to remove all 
traces of solvent before use in the research programme.
2.5 Preparation of cured epoxy specimens
The six high performance epoxy resins selected for the major study of bulk epoxy 
polymer and derived composite properties were mixed with the curing agents (6 6 % of 
molar stoichiometry) to form the eight mixtures shown below in Table 2.3:
Table 2.3 Mixture ratio of epoxy to curing agent (6 6 % of molar stoichiometry calculated 
from measured Epoxide Index)
Epoxy Curing agent Parts (weight) of curing agent 
peri 0 0  parts (weight) epoxy
1 TGDDM DDS 32.04
2 CI2-TGDDM DDS 30.90
3 Br2-TGDDM DDS 26.16
4 CI4-TGDDM DDS 27.09
5 XD7342 DDS 25.12
6 TGDDM 1062 54.39
7 CI2-TGDDM 1062 52.47
8 1072 1062 35.92
An additional four epoxies used in the initial study of thermo-oxidative ageing of thin 
epoxy films were also prepared using the combinations shown below in Table 2.4
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Table 2.4 Mixture ratio of epoxy to curing agent (6 6 % of molar stoichiometry calculated 
from measured Epoxide Index)
Epoxy Curing agent Parts (weight) of curing agent 
peri0 0  parts (weight) epoxy
1 TGPAP DDS 43.42
2 DGA DDS 38.72
3 DGEBA DDS 23.34
4 1031 DDS 19.12
Three types of cured epoxy resin specimens were prepared:
(i) Preparation of 0.5mm thick epoxy films.
Thin sheets of uniform thickness (0.5mm) were prepared for the initial programme of 
accelerated moisture absorption and the study of thermo-oxidation effects on Tg. Cured 
resin specimens were prepared using the following procedure: The epoxy resin (~10g) and 
curing agent (6 6 % of the stoichiometric amount for a 1:1 molar reaction) were weighed 
into a sample tube and magnetically stirred at 130°C (oil bath) until a homogeneous 
solution was obtained (10-15 min) and degassed at 120°C/0.1mmHg for lOmin. Castings 
were prepared using a mould which consisted of two glass plates (110x70x6mi^ 
separated by a PTFE coated glass cloth E-shaped spacer (0.5mm thick) and clamped 
together. The glass plates had been washed with acetone, treated with a non-silicone 
mould release agent (M.R.S., Rocol Ltd.) and heated to 220°C for 18h, cooled, and wiped 
with a soft cloth to remove any loose release agent. The mould was pre-heated at 150°C at 
which temperature the resins flowed into the mould quite readily. The cure was effected at 
150°C for 4 hours, the mould was dismantled whilst hot and provided two castings 
(~35x28x0.5min). Samples for water absorption and Tg determinations were cut to the 
desired dimensions (25xl0x0.5mm) by cracking along scored lines and polishing the 
edges on silicon carbide paper (600/1200 grade).
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(ii) Preparation of 0.01mm thick epoxy films.
The second type of casting was a method developed to prepare very thin film specimens 
(approximately 0.010 mm thick) which were required for the FTIR studies. These castings 
were prepared by using the same mixing procedure described above and then placing a 
small drop of the degassed liquid epoxy resin mixtures between steel blocks heated to 
150°C and closed by gravity. The resultant thin film produced in the absence of spacer 
shims was cured using the same heating schedule.
(ii) Preparation of 2.0mm thick epoxy test bars.
The third type of casting was developed to produce high quality, void-free castings of 
epoxy resin bars of uniform thickness (2 .0 mm) required for flexural modulus testings 
These castings were produced from a steel mould of dimensions 120xl2.5x2.0mnL The 
epoxy resin mixtures were prepared and degassed using the same method as described 
above, then the hot resin mixture was poured into the steel moulds heated to 150°C and 
cured for 4 hours at this temperature. Specimens for flexural modulus tests were cut to the 
desired dimensions (50xl2.5x2.0mm) using a diamond wheel saw.
All the epoxy specimens were post-cured at 180°C for 5h and then at 200°C for 2h in a 
vacuum oven at 0.1mm Hg. The 1072/1062 system required an additional post-cure for 2 
hours at 220°C, while XD7342/DDS and 1031/DDS required an additional 2 hours at 
250°C to fully cure the systems.
2.6 Preparation of uni-directional carbon fibre composite test specimens
High quality uni-directional composite bars comprising the different epoxy matrices were 
prepared using an improved compression mould method^^\ The mould, shown in Figure 2.4 
had three channels machined in the lower half of the mould and three matching upper
plungers which compressed the impregnated fibre tows positioned in the channels (2 .6 .2 ). 
Composite bars of the required uniform thickness (2.0mm) were obtained by inserting steel
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shims between the top and bottom of the mould, which also prevented the plungers from 
over compressing the resin impregnated tows.
Fibre orientation was maintained by using impregnated carbon fibre tapes which were held 
under slight tension in the mould so as to minimise or prevent movement or loss of fibre 
from the mould during consolidation. In this way little or no loss of fibre occurred and up to 
three composite bars of uniform fibre volume fraction were obtained in the one mould.
T o p  c o m p r e s s i o n  p l u n g e r s
S t e e l  s h i m s
12.35 
m  m
12.50
mm
( a l i g n e d  in t e n s i o n )
D r a i n a g e  c h a n n e l
Figure 2.4 Diagram of the improved compression mould.
2.6.1 Preparation of uni directional carbon fibre tows
The resin-impregnated carbon fibre tows were prepared by winding the required amount of 
fibre on to a steel frame as shown below in Figure 2.5 To provide a 60% fibre volume 
fraction, 70 tows were required for a 2.0 mm thick composite bar. By winding double the 
quantity onto the frame, the loop could be separated by two 1 0  mm diameter 
polytetrafluoroethylene (PTFE) rods to provide two uni-directional carbon fibre tapes 
(length ~ 200 mm) for impregnation. The ends of the tapes were bonded with twin-pack 
“Araldite” (Ciba-Geigy Ltd) adhesive (Ihour at 90°C cure) thinned with acetone. Small steel 
tags were likewise bonded to the tape ends and small holes drilled through them so that
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loaded copper wires could be attached and the orientation of the fibres maintained within the’ 
mould.
e n d e d  s t e e l  t ag
Figure 2.5 Fibre winding frame.
2.6.2 Epoxy resin impregnation of unidirectional tows
The carbon fibre tapes were cut off the frame using a diamond wheel saw and impregnated 
by drawing them through a U-tube containing a solution of resin and hardener at an 
optimum concentration which produced only a slight bleed of excess resin on consolidation. 
Impregnating solutions were prepared in methyl ethyl ketone (MEK), or dichloromethane 
(CH2CI2) which gave improved solubility at R T, with the 1062 hardener. The impregnated 
tows were degassed thoroughly in a vacuum oven for 16h at 90°C (MEK) or 50°C 
(dichloromethane). The optimum concentrations for impregnation were as follows:
1. TGDDM/DDS
2. CI2-TGDDM/DDS
3. Br2-TGDDM/DDS
4. CI4-TGDDM/DDS
5. XD7342/DDS
6 . TGDDM/1062
35% w/v (MEK) 
35% w/v (MEK) 
40% w/v (MEK) 
40% w/v (MEK) 
35% w/v (MEK) 
3 5 % w /v ( C H 2 C l2 )
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7. C12-TGDDM/1062 35% w/v (CHzClj
8.1072/1062 45% w/v (CH^CW
This impregnation method required less than about 5g of the resin/hardener mixture for each 
impregnated carbon fibre tow.
2.6.3 Moulding of high quality uni directional carbon fibre composites
High quality composite bars were prepared in a heated hydraulic press (initially a Davenport 
Ltd, thermostatically-controlled model, and later a Mackey Bowley Ltd, Model S9524 with 
computer-controlled heating). Before each run, the improved leaky mould shown in Figure
2.4 was treated with a PTFE mould release agent (M.R.S., Rocol Ltd.) and heated to 220°C 
for 18h, cooled, and wiped with a soft cloth to remove any loose release agent. The bottom 
mould plate was positioned on the lower platen of the hydraulic press, which was at room 
temperature, and the impregnated tows were aligned in the mould by the attached loaded 
wires (2kg at each end). The impregnated tape was warmed with a hair drier to assist the 
fibre alignment and the shims were then positioned and the top plunger plates inserted. A 
thin lead sheet was placed over the top of the mould to assist even compression, and the top 
platen then lowered until it just contacted the mould, but no pressure was applied. A thermo­
couple was inserted into the base of the mould so that the temperature within the mould 
could be accurately monitored. The mould was heated to 150°C at about 4 l</min and the 
temperature held for 2-90 min depending on the resin system, after which time pressure 
(<200 psi) was applied to consolidate the composite and expel excess resin. The mould was 
completely closed by increasing pressure to about 1000 psi. The composite was then cured 
at 150°C for 5 hours, the mould was then allowed to cool to room temperature and the 
composites removed. Cure was completed at 180°C for 4 hours in a vacuum oven at 0.4mm 
Hg. All the composite specimens were post-cured for 2 hours at 200°C with the 
exceptions of XD7342/DDS and 1072/1062 which required an additional 2 hours at 
220°C to fully cure the systems.
The unconsolidated composite ends were removed by using a diamond-wheel saw to 
produce uni-directional composite bars of dimensions 120xl2.5x2.0mnL The composite
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bars were further cut into pieces (14xl2.5x2.0mm) for water sorption and ILSS tests. The 
cut edges were polished with silicon carbide paper (600/1200 grade).
2.7 Hygrothermal ageing at 70“C / 83% RH
The epoxy resin and composite specimens were dried in a vacuum oven at 100°C/<0.1 
mm Hg to constant weight. The moisture absorptions of three epoxy and six composite 
specimens were monitored for each matrix system. The samples were placed separately in 
open glass tubes over a saturated salt solution (sodium carbonate) within a sealed glass 
vessel. The vessel was placed in an air-circulating oven which was thermostatically 
controlled to maintain an isothermal temperature of 70°C and thus provide a relative 
humidity (RH) of 83%. The specimens were hygrothermally aged in this environment and 
samples were taken out at the appropriate times and weighed on a Sartorius 4503 micro­
balance (0.5mm thick epoxy specimens) or a Salter ER 182A balance to an accuracy of 
10'  ^g. The moisture content was calculated as a percentage increase over dry weight. The 
effects of hygrothermal ageing and the resultant increased moisture absorption on glass 
transition temperature were determined by DMTA, and the effects on ILSS determined by 
the described method.
2.8 Thermo-oxidative ageing at 150°C
The cured epoxy resin and derived composite specimens were dried to constant weight in 
a vacuum oven at 100°C/<0.1 mm Hg. The specimens were then placed in an air 
circulating oven which was thermostatically controlled at an isothermal temperature of 
150°C. The specimens were removed at the pre-determined times, cooled to room 
temperature in a desiccator then weighed to determine gravimetric changes.The effects of 
oxidation on glass transition temperature were determined by DMTA, and the effects on 
ILSS determined by the described method.
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2.9 CALCULATIONS
2.9.1 Calculation of molar stoichiometry to determine mixture ratio of epoxy to 
curing agent
The molar quantity of epoxide groups per weight of resin was measured in order to 
determine the required weight ratio of curing agent, and reported as the Epoxide Index 
which is the number of moles of epoxy groups per lOOOg of resin. This can also be 
expressed as the Epoxy Equivalent which is the weight of resin (g) containing one mole 
of epoxide (lOOOg/Epoxide Index). By calculating the theoretical Epoxide Index the 
purity of the epoxy could be calculated as in the following worked example for 
TGDDM/DDS:
Molecular weight of TGDDM = 422, therefore one mole of TGDDM contains 4 moles of 
epoxy groups in 422g . Theoretical Epoxide Index = 1000/422 x 4 = 9.48 mol kg '\ 
Measured value was found to be 7.83 mol kg'  ^so purity of epoxy = 7.83/9.48 = 82.6%. To 
calculate the ratio of curing agent DDS required to react with TGDDM the following 
calculation was performed:
One mole of tetrafunctional TGDDM contains 4 moles of epoxy groups which can react 
with the 4 moles of active hydrogens available in one mole of the diamine DDS. 
Therefore, one mole of TGDDM can react with one mole of DDS.
M.W. DDS = 248 , M.W. TGDDM = 422, 248/422 = 0.5877
Therefore, for a 100% stoichiometric molar ratio: 100 parts by wt. TGDDM : 58.77 parts ; 
DDS. However, the epoxy is 82.6% pure, so the actual requirement is 58.77 x 0.826 = 
48.54 parts DDS (the DDS purity was >95% by h.p.l.c. and assumed to be 100% for the 
calculations). A standard ratio of 6 6 % of stoichiometric ratio was adopted hence: 48.54 x 
0.66 = 32.04 parts DDS. Therefore 100 parts weight TGDDM : 32.04 parts weight DDS 
was used.
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2.9.2 Determination of number of carbon fibre tows per composite bar.
To determine the number of lengths of carbon fibre tows required to form a 2.0 mm thick 
composite with a 60% volume fraction ( V f ) ,  the mass of a unit length (1.0cm) of carbon 
fibre was determined from the weight of a measured length of carbon fibre and the volume 
of the mould calculated from its dimensions.
The mould dimensions were: length 13cm, width 1.25cm, thickness 0.200cm, therefore a 
1.0cm unit length of composite has a volume of 1.0 x 1.25 x 0.200 =0.25cm^. Thus, the 
amount of carbon fibre to produce a composite with a 60% fibre volume fraction was 
determined with the following calculation in the case of Grafil 5LXA carbon fibre:
N = no. of lengths of parallel carbon fibre tows
Ml = mass of carbon fibre tow/unit length (measured as 0.0039g/cm)
pf = density of fibre (1.80 g cm'^)
V = unit volume of composite bar (0.25cm^)
Vf= N X Ml / pf X V
therefore: for a 60% Vf N =0.6 x V pf/ Ml 
Thus to produce a composite with a Vf of 60%,
N = 0 .6  X 0.25 X 1.80 = 69.2 lengths of carbon fibre tows per composite bar
0.0039
0.2700/0.0039 = 69.2 lengths of fibre in composite. For convenience, 70 lengths of fibre 
were introduced in each composite bar resulting in a theoretical fibre volume fraction:
70 X 0.0039 = 0.273 g / 1.80 = 0.1517 cm  ^carbon, in a composite volume of 0.25cm^ = 60.7 
% fibre volume fraction
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2.9.3 The determination of carbon fibre volume fraction Vf in a composite from 
measured densities
The volume fraction of carbon fibre (Vf) in a composite can be determined from the 
measured densities of the matrix resin, fibre and composite. For example :
1.0 cm  ^of composite contains carbon fibre + resin:
volume of fibre = wt of fibre 4- density of fibre (pf) 
volume of resin = wt of resin 4- density of resin (pj
composite density (p j =
density of resin x vol.fiaction of resin (VJ + density of fibre x vol. fraction of fibre (Vf)
I.e.
Pc = (Pr [1-Vf ] ) + (pf Vf) where V^  = [ 1-Vf ]
Pr (PrVf +  PfVf)
Vf
—
V f
(Pr + Pf)
Pc - Pr = Pf - Pr
Vr
Vf -  Pc - Pr
Pf - Pr
Fibre volume fraction Vf composite density 
fibre density
resin density 
resin density
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For example, in the case of MY720/DDS composite:
matrix density = 1.25 g cm' ,^ fibre density = 1.80 g cm'"*, composite density = 1.58 g cm-3
thus, Vf = 1.58-1.25
1.80-1.25
0.33/0.55 = 0.60 X 100 = 60.0%
2.9.4 Determination of the volume fraction of voids (VJ in the composite bars from 
densities.
In order to determine the void contents of the cured composite bars it was necessary to 
know:
(a) The density of the composite bar (p c )
(b) The density of the cured matrix resin in the bar (p
(c) The density of the fibre in the bar (p f)
(d) The mass of fibre per cm unit length in the bar (m^)
(e) The number of carbon fibre tows in the bar (N)
(f) The width, w; thickness, t; of the bar
The volume fraction of voids, Vy % was then calculated from the following expression 132
V y %  =
Pr
+ Nmr
wt
1
Pr X 100
69
Chapter 3.
Results and Discussion:
The preparation, characterisation and properties of the 
epoxy resins and the effects of hygrothermal ageing.
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3.1 Introduction
The epoxy resins studied were selected to provide a range of reduced water absorption 
capacities required to determine the relative effects of hygrothermal ageing on matrix 
dominated composite properties. They were also selected in order to study the difference 
in thermo-oxidative ageing between 0-glycidyl and V-glycidyl epoxies and its effect on 
composite properties. In order to gain an understanding of how these epoxies may behave 
as composite matrices the bulk polymer properties were studied first.
3.2 Synthesis of halogen-substituted TGDDM derivatives
The halogen-substituted epoxy resins were prepared successfully by following a 
published synthetic method^^ ,^ the reaction scheme of which is shown in Chapter 2 
(Figure 2.3). The bischlorohydrins (la-c) were prepared in good yields of high purity 
(>90% as indicated by HPLC based on non-calibrated peak areas). These underwent 
smooth reactions with formaldehyde enabling the tetrachlorohydrins containining halogen 
(Ila-c) to be prepared in good yields (>80% pure as indicated by HPLC). The 
tetrachlorohydrins were then converted readily by dehydrochlorination to their 
corresponding product tetraepoxides (Illa-c). This synthetic approach also had the 
advantage of attaining fully tetra-functionalised halogen-substituted epoxies whilst avoiding 
the use of potentially harmful diamines as precursors.
3.3 Characterisation of the epoxies and curing agents.
3.3.1 HPLC analysis of the epoxies.
The six high performance epoxy resins were analysed by HPLC and the resultant 
chromatograms are presented in Figures 3.1 to 3.6. The major component of each epoxy 
measured as a percentage of the total computer-integrated peak areas (at UV 280nm, 
based on non-calibrated peak areas) is shown below in Table 3.1. All the epoxies 
comprise a major monomeric epoxy component and various amounts of oligomeric 
material. The halogen-substituted TGDDMs all have a slightly higher quantity of their
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major monomeric component compared with the commercially produced TGGDM. In 
contrast, the XD7342 epoxy can be seen to be a rather complex mixture of oligomers.
1 5 : 5 1 : 1 7I N J E C T  T I M E
4 8
/.Y e '
L I .  2 4
Figure 3.1 HPLC analysis of TGDDM (UV 280nm)
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7.  8 8
  1 1 . 5 5
Figure 3.2 HPLC analysis of CI2-TGDDM (UV 280nm)
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Figure 3.3 HPLC analysis of Bt2-TGDDM (UV 280nm)
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Figure 3.4 HPLC analysis of CI4-TGDDM (UV 280nm)
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Figure 3.5 HPLC analysis of 1072 (UV 280nm)
Figure 3.6 HPLC analysis of XD7342 (UV 280nm)
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Table 3.1 Major epoxy component measured from peak areas by HPLC analysis
Epoxy Major component peak 
% of total peak areas (+ /-1%)
1 TGDDM 69.7%
2 CI2-TGDDM 72.7%
3 Br2-TGDDM 78.1%
4 CI4-TGDDM 76.9%
5 XD7342 38.4%
6 1072 65.7%
Each epoxy system contained mixtures of species (comprising only one type of structure 
or halogen substituent) which were assumed to have similar UV extinction coefficients. 
Hence, an approximate quantitation of the individual epoxy compositions was possible by 
HPLC. The curing agents DDS and 1062 were both found to comprise one major peak 
with only trace impurities and were regarded as pure for the purposes of mixture ratios.
3.3.2 Epoxy equivalent determinations.
Values of Epoxide Index (number of moles of epoxy groups per lOOOg of resin) were 
measured for the epoxies using published methods^ "^^ ’^ ^^ . The purity of the epoxies could 
then be expressed as a percentage of the theoretical value in order to determine the 
required weight ratios of curing agent using the method described in Chapter 2.9. The 
measured values obtained and percentage of the theoretical values of Epoxide Index for 
the six high performance epoxies are shown in Table 3.2. The measured values of 
Epoxide Index are lower than the theoretical values owing to the presence of oligomers 
which have a higher molecular weight for the same quantity of epoxide groups when 
compared with that of the monomeric epoxy.
The Epoxide Index was readily obtained for most of the epoxy systems using the 
published methods^ "^^ ’^ ^^ . However, the methods proved to be unsatisfactory for Br2- 
TGDDM and CI4-TGDDM (Exps GT2 and GT3) because it was not possible to obtain an 
accurate titration end-point due to their highly deactivated amine nitrogen. Thus, 
considering the similarity of the major resin component ratios obtained by HPLC analysis 
(non-calibrated) for the halogen substituted TGDDMs, it was assumed that the nominal 
epoxy purity of Br2-TGDDM and CI4-TGDDMS would be similar to that measured for the 
CI2-TGDDM (92.7%) and the ratio of curing agent calculated accordingly.
75
Table 3.2 Epoxide Index measurements of the six high performance epoxies.
Epoxy Theoretical 
Epoxide Index 
mol/kg'^
Actual
Epoxide Index 
mol/kg'^
Purity
(%)
(+ /-1%)
1 TGDDM 9.48 7.83 82.6
2 CI2-TGDDM 8.15 7.55 . 92.7
3 Br2-TGDDM 6.90 92.7*
4 CI4-TGDDM 7.14 - 92.7*
5 DOWXD7342 7.28 6.14 84.3
6 1072 6.41 5.17 84.3
* epoxide index could not be determined so purity was assumed the same as CI2-TGDDM
The values of Epoxide Index determined for the four additional epoxies required in the 
initial study of thermo-oxidative ageing of thin films are shown below in Table 3.3
Table 3.3 Epoxide Index measurements of the additional four epoxies examined.
Epoxy Theoretical 
Epoxide Index 
mol/kg'^
Actual
Epoxide Index 
mol/kg'^
Purity
(%)
(+ /-1%)
1 TGPAP 10.83 10.61 98.0
2 DGA 9.76 9.46 97.0
3 DGEBA 5.88 5.70 97.0
4 1031 6.41 4.67 72.9
3.4 Preparation of cured resin specimens and optimisation of cure.
Full stoichiometric ratios of curing agent were not required because during cure the 
epoxide ring is opened to form hydroxyl groups which can also react with epoxy groupsf^
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Thus, each epoxy was reacted at a lower ratio than the required theoretical stoichiometric 
concentration of curing agent. This encouraged hydroxyl groups formed during cure to 
participate in the crosslinking process without producing a further increase in polar group 
concentration (normally associated with an amine hydrogen forming a hydroxyl group). 
The ratio adopted for all mixtures was 6 6 % of the stoichiometric molar ratio of curing 
agent to epoxy. The exact weight values of curing agent per 100 parts by weight of epoxy 
were described earlier in Chapter 2 (Tables 2.3 and 2.4).
High quality test specimens free from voids and imperfections were prepared for all the 
epoxy/curing agent mixtures examined. The post-cure schedule was optimised by 
examining two or three specimens of each system by DMTA after inereasing the post­
cure temperature and determining any change in Tg The results obtained are shown below 
in Table 3.4, with values of Tg measured at the peak maximum of the loss modulus curve
[log (E”)].
Table 3.4 The effects of post-cure temperature on Tg [log (E”)]
Epoxy Curing agent Post-cured
200°C
Tg°C
Post-cured
220°C
Tg°C
Post-cured
250°C
Tg“C
1 TGDDM DDS 260 260
2 CI2-TGDDM DDS 260 265
3 Br2-TGDDM DDS 235 247
4 CI4-TGDDM DDS 235 243
5 XD7342 DDS 250 279 314
6 TGDDM 1062 242 246
7 CI2-TGGDM 1062 232 234
8 1072 1062 225 243
(V..6 . the values of Tg are approximately + /-3°C)
Although 200°C was established as the maximum post-cure temperature to minimise 
thermal damage to the specimens, it was noted that when additional specimens were post­
cured further for 2 hours at 220°C, some showed significantly higher TgS (associated with
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further crosslinking) except for TGDDM/DDS which appeared to be fully cured at 200°C. 
As a result of this, all systems were post-cured for 2 hours at 200°C in a vacuum oven 
with the exceptions of the 1072/1062 system which required an additional post-cure of 2 
hours at 220°C in vacuum, and XD7342/DDS which required an additional 2 hours at 
250”C in order to establish a high degree of cure and the assoeiated higher value of Tg.
The four other epoxy/DDS systems shown below in Table 3.5 which were required for the 
initial thermo-oxidative study, were also post-cured at 200°C except for the 1031/DDS 
system which required an additional 2 hours at 250°C.
Table 3.5 The effect of cure temperature on the Tg [log (E”)] of the additional epoxies
Epoxy Curing agent Post­
cured
2 0 0 ^ 0
Tg'C
Post-
eured
220°C
Tg°C
Post­
cured
250°C
Tg°C
1 TGPAP DDS 270
2 DGA DDS 170
3 DGEBA DDS 2 2 0
4 . 1031 DDS 225 . 259 322
(N.B. the values of Tg are approximately +/- 3°C)
3.5 Density and Flexural modulus measurements of the cured epoxies.
The densities of all eight high performance epoxy resin/curing agent combinations were 
measured, but the flexural moduli of only the systems selected for the thermo-oxidative 
study were measured. The values obtained for density and flexural modulus of these high 
performance epoxies are shovm below in Table 3.6. It is clear that the flexural modulus of 
the CI2-TGGDM/DDS is significantly higher (+18%) than the base-line TGDDM/DDS 
system combined with only a minor increase in density. This increase in flexural modulus 
is a potential advantage in composite matrix properties where compression properties are 
often related to matrix modulus.
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Table 3.6 Measured values of density and flexural modulus for the selected epoxies.
Epoxy Curing agent Density
g/cm^
(+/-0 .01)
Flexural
Modulus*
GPa
1 TGDDM DDS 1.26 4.06 (1.4)
2 CI2-TGDDM DDS 1.35 4.78 (1.6)
3 Br2-TGDDM DDS 1.46 -
4 CI4-TGDDM DDS 1.39 -
5 XD7342 DDS 1.25 3.60 (1.9)
6 TGDDM 1062 1.14 3.62 (0.9)
7 CI2-TGGDM 1062 1.19 4.13 (1.2)
8 1072 1062 1.06 -
*[The values in parentheses are the percentage coefficients of variation (c.v.) for mean 
flexural modulus]
3.6 Moisture absorption studies of the cured epoxies.
The specimens of cured epoxy were aged in a hot-moist environment (70°C/83%RH) to 
accelerate the rate of moisture uptake compared with room temperature ageing. This 
ageing environment is also more analogous to high performance aircraft environments 
rather than water immersion. The plots of moisture absorption for three halogen- 
substituted TGDDM epoxies cured with DDS are compared with TGDDM/DDS in Figure
3 .7  where the benefits of halogen substituents in reducing moisture uptake are quite 
apparent. In Figure 3.8 the moisture absorption of TGDDM/DDS is compared with the 
reduced levels obtained by curing TGDDM, CI2-TGDDM and 1072 with the hydrophobie 
methyl-substituted curing agent 1062. Thin film specimens (0.5mm thick) were utilised to 
reduce the time required to reach a nominal equilibrium level. They all displayed non- 
Fickian behaviour because rather than reaching an equilibrium saturation level, they 
continued slowly to increase their levels of absorption. This behaviour is attributed to a 
eontinued network expansion of the systems permitting slight increases in moisture 
uptake.
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Figure 3.7 Plot of moisure absorption comparing TGDDM/DDS with reduced levels of 
moisture absorption obtained with the halogen-substituted TGDDM systems also cured 
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The values of water absorption are shown in Table 3.7 after 96 days (at 70°C/83% RH) 
and demonstrate the benefit of halogen substituents in reducing moisture absorption. The 
CI2-TGDDM/DDS system produced a 24% reduction in moisture absorption compared 
with TGDDM/DDS, with the benefit of a comparable dry Tg (260°C). Br2-TGDDM and 
CI4-TGDDM cured with DDS both produced lower levels of moisture absorption (2.87 
and 2.68% respectively) but offered lower values of Tg (235°C). The high Tg epoxy 
system XD7342/DDS produced a similar moisture absorption level to that of 
TGDDM/DDS. Curing TGDDM with the hydrophobic methyl-substituted curing agent 
1062 produced a slightly lower level of moisture absorption compared with that obtained 
with TGDDM/DDS, but suffered the penalty of both lower dry Tg (242°C) and flexural 
modulus. The methyl-substituted hydrophobic epoxy/curing agent combination 
1072/1062, and CI2-TGDDM/1062 both produced very low levels of moisture absorption 
(-2.7%) but both suffered the penalty of lower values of dry Tg (243 and 232°C 
respectively) and reduced values of flexural modulus compared with TGDDM/DDS.
Table 3.7 Moisture absorption levels attained by 0.5 mm thick epoxy specimens after 96 
days at 70°C/83% RH
Epoxy Curing agent "/oHjO (+/- 0.01%)
after 96 days at 
70°C/83% RH
1 TGDDM DDS 4.39
2 CI2-TGDDM DDS 3.34
3 Br2-TGDDM DDS 2.87
4 CI4-TGDDM DDS 2 .6 8
5 XD7342 DDS
1
4.45
6 TGDDM 1062 3.61
7 CI2-TGGDM 1062 2.61
8 1072 1062 I 2.80
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The TGDDM, halogen-substituted TGDDM, and XD7342 epoxies cured with DDS were 
also prepared as specimens of 2.0mm thickness for hygrothermal ageing at 70°C/83% RH 
to determine if similar levels of moisture were absorbed by thicker specimens (composite 
specimens were prepared with 2.0mm thickness). The nominal values of moisture 
absorption after 150 days are shown below in Table 3.8. The values of reduced moisture 
absorption produced by the halogen substituents show a similar level and trend to that 
obtained with 0.5 mm thick specimens (TGDDM > CI2-TGDDM > Br2-TGDDM > CI4- 
TGDDM). The XD7342/DDS produced a slightly lower level of moisture absorption than 
TGDDM/DDS.
Table 3.8 Moisture absorption levels of 2.0mm thick epoxy specimens after 150 days at 
70°C/83% RH
Epoxy Curing agent |
1
%HzO (+/- 0.01%) 
after 150 days at 
70°C/83%R.H.
1 TGDDM DDS 1 4.60
2 CI2-TGDDM DDS 3.58
3 Br2-TGDDM DDS 3.27
4 CI4-TGDDM DDS 2.92
5 XD7342 DDS 1 4.08
Thus, the halogen substituted system CI2-TGDDM/DDS would appear to offer the best 
potential as a candidate composite matrix system with improved hot/wet properties owing 
to its reduced water absorption and high flexural modulus combined with a Tg comparable 
with TGDDM. The other combinations of epoxy and curing agents also offer varying 
degrees of moisture reduction which are tempered by reductions in Tg and/or flexural 
modulus. These matrix systems formed the candidate matrix systems evaluated as 
composites and the relative effects of hygrothermal ageing and thermo-oxidative ageing 
were studied in detail.
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Chapter 4.
Results and Discussion:
The preparation and properties of carbon fibre 
composite test specimens comprising high performance 
and hydrophobically enhanced epoxy matrices.
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4.1. Introduction
The previous chapter described the bulk polymer properties of some novel and proprietary 
epoxy resins and curing agents. High quality uni-directional carbon fibre composites were 
prepared from these epoxies and curing agents of interest to produce composites with a 
range of water affinities. The interlaminar shear strength (ILSS) of the composites was 
measured at 120°C, a standard test temperature for high performance aircraft applications, 
and 150°C which is a target temperature for improved high performance applications. In 
addition to measuring properties such as composite density, water affinity, and glass 
transition temperature, ILSS was chosen to monitor matrix performance in the composite, 
because it is a matrix dominated property.
In order to obtain a meaningful comparative evaluation of the thermal, physical and 
mechanical properties of the eomposites prepared with the selected epoxy matrices and 
their relationship to differences in chemical structure, it was imperative to obtain 
composite test bars of uniform and consistently high quality. In a review on the effects of 
voids on composite properties, Judd and Wright^^  ^ reported that a one percent void 
content can decrease ILSS by 7 percent, and the effect can be approximately linear up to 4 
percent voids content, i.e. a 28 percent decrease in ILSS. They also reported increases in 
water absorption with higher void contents. The requirements of a high quality 
unidireetional composite test bar can be defined as:
• correctly aligned 0 ° fibre orientation
• constant defined level of composite consolidation resulting in a constant fibre volume 
fraction and resin content
• low void or porosity content
• correct cure cycle and post-cure temperature to attain a high degree of cross-linking
• low percentage coefficient of variation of ILSS
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Existing methods of preparation of high quality carbon fibre composites such as 
autoclaving are expensive and require relatively large quantities of resin (>1 0 0 g) to 
prepare prepregs and composite test specimens. Initial attempts with a “leaky” 
compression mould produced composite bars with variable fibre volume fraction and high 
void content and this method was rejected. Thus, a much improved leaky mould and 
prepregging method^^  ^was used, which enabled the preparation of carbon fibre composite 
test bars of uniform high quality using small quantities (20-50g) of the epoxy matrices.
4.2 Preparation of high quality carbon fibre composites
High quality uni-directional carbon fibre composite bars comprising the eight epoxy resin/ 
curing agent combinations were prepared successfully using the improved leaky mould 
method. The heated hydraulic press provided an evenly controlled application of heat and 
pressure, and the very slight bleed of excess resin resulted in little waste. Because of the 
close temperature control possible with the Mackey Bowley computer-controlled heated 
hydraulic press, the method also enabled optimisation of cure conditions.
Fibre orientation in the composites was maintained since it was essentially locked in by the 
pre-bonded ends of the impregnated carbon fibre tows. Consolidating the composite whilst 
the impregnated tows were held under a slight tension also asssisted the uni-directional 
orientation and prevented movement or loss of fibres from the mould. Thus, by using this 
method, up to three uniformly consolidated bars were obtained in the one mould.
The 2 mm thick composite bars so produced were examined by ultrasonic C-scan analysis 
for the presence of internal voids and defects. In order to obtain void-free composite bars, 
the processing parameters were quite critical and it was found that the extent of resin cure 
(and hence resin viscosity) prior to consolidation affected the quality of the composite bars. 
Thus, it was necessary to hold the resin impregnated carbon fibre in the mould at the cure 
temperature of 150°C for a definite period of time in order to partially react the resin 
mixture and attain an optimium viscosity level before pressure was applied to consolidate 
the composite. If the epoxy resin impregnated carbon fibre was compressed when cure was 
insufficiently advanced and the resin viscosity was too low, a large amount of resin was
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forced out of the composite during consolidation. The resultant bars had patchy, resin 
deficient surfaces and high void contents which gave poor quality C-scans. On the other 
hand, if the cure was too advanced and the resin viscosity was allowed to reach too high a 
value before consolidation, the composite could not be compressed to the thickness of the 
shims and resulted in a composite with a lower fibre volume fraction. This limited 
processing ‘window’, i.e. after holding at 150°C, the time limits in which the composite 
could be consolidated successfully in order to produce a high quality void-free composite, 
indicated that there was probably a definite viscosity range for optimimum consolidation 
which should be applicable for all the resin/curing agent combinations.
An example of the optimisation of processing conditions is demonstrated by the C-scans 
obtained for composite bars prepared with TGDDM/DDS which are shown below in Figure
4.1 (a-c).
11
(a) 33 min (b) 35 min (c) 38-40 min
Figure 4.1 (a-c) Ultrasonic C-scans of TGDDM/DDS composite bars consolidated after: 
(a) 33 min, (b) 35 min, and (c) 38-40 min at 150°C
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Application of pressure after 33 min at 150°C produced composite bars with a resin 
deficient surface reflected by the poor quality C-scan shown in Figure 4.1(a). Increasing the 
time to 35 min led to some improvement in quality shown by Figure 4.1(b), but excellent 
quality bars were obtained when the pressure was applied after 38-40 min, the resultant C- 
scan is shown in Figure 4.1(c). For longer times the cure was too advanced to allow the bar 
to be consolidated to the required 2  mm thickness.
The viscosity of each matrix resin system was thus optimised prior to consolidation so as to 
produce a bar of the required thickness, with a veiy good glossy surface finish and with no 
internal voids as shown by C-scan analysis. The optimised processing ‘dwell’ times, i.e. the 
optimum time limits required for the resin impregnated tows to be held at elevated 
temperature in order to attain the required viscosity level of the matrix resin at the point of 
consolidation are shown below in Table 4.1. The optimum dwell times obtained in the 
initial preparation of composites using the Davenport hydraulic press were very 
approximate because of the less accurate heating rates provided by this system.
Table 4.1 The optimum processing ‘dwell’ times required prior to consolidation of the 
epoxy composites.
Davenport Press Mackey Bowley Press
1 TGDDM/DDS -35 min. at 145-150"C 38-40 min. at 150"C
2 CI2-TGDDM/DDS -40 min.atl45-150"C 42-44 min. at 150"C
3 Br2-TGDDM/DDS -38 min. at 145-150°C
4 CI4-TGDDM/DDS -45 min. at 145-150"C
5 XD7342/DDS 2-4 min. at 150"C
6 TGDDM/1062 36-39 min. at 150"C
7 CI2-TGDDM/IO6 2 45-46 min. at 150"C
8 1072/1062 85-90 min. at 150"C
The need to optimise the resin viscosity of epoxy prepregs during autoclave processing 
(known as ‘B-staging’) is well known. Commercial epoxy prepregs are often formulated 
with viscosity modifiers such as high temperature thermoplastics in order to maintain a
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relatively high matrix viscosity at the required processing temperatures. This enables 
consolidation of the pregreg over a wider range of dwell times and hence offers a wider 
processing ‘window’ when fabricating commercially high quality composites.
It is interesting that the CI2-TGDDM/DDS system required a slightly longer dwell time (42- 
44 min) than the TGDDM/DDS system (38-40 min) indicating perhaps that, despite its 
remoteness and isolation from the reaction centre, the chlorine substituent slightly reduces 
the reactivity of the epoxy groups. The prediction of relative reaction rates is further 
complicated by the fact that crude epoxy resins contain unknown concentrations of hydroxyl 
groups. Rosenberg^ "^^  reported that their catalytic effect could overwhelm any minor 
substituent effects. Cupples et al}^^ reported that in the absence of any adverse steric 
factors, V-glycidyl epoxies should react faster than 0-glycidyl epoxies. This was confirmed 
by Grenier-Loustalot et al who reported that the time to gelation for TGDDM/DDS is 
less than that for DGEBA/DDS. Thus, the faster reaction time of XD7342/DDS compared 
with TGDDM/DDS is contrary to that expected. However, the epoxy resins were impure, 
and Thoseby et reported that the presence of any high viscosity oligomers has a marked 
effect on the gel time which they observed in the case of TGDDM compared with a much 
purer batch containing a much lower concentration of oligomers.
4.3 Rheological studies
Rheological studies of prepreg cure using a Rheometries dynamic spectrometer (RDS 
7700), enabled the log dynamic viscosity (p*) of the epoxy resin impregnated tow to be 
monitored over a period of time with the same heating rate as that experienced by the 
prepreg in the heated mould. Thus, the viscosity profile of the prepreg could be studied 
under similar processing conditions to those that the impregnated tows experienced in the 
mould in order to gain a further understanding of how the viscosity affects critical 
processing conditions. It was especially important to simulate the cure of the impregnated 
fibre tow and not just the matrix resin alone, since the fibre surface can have a marked effect 
on the rate of cure^^^ ’^ ^^ .
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The production of high quality uni-directional composite bars depended on pressure being 
applied after a definite period at the cure temperature in order to obtain the optimum 
viscosity at consolidation. In practice, this was determined by several trial runs in which the 
hold or ‘dwell’ time at cure temperature before consolidation was compared with the 
resultant quality of the composite. The Mackey Bowley heated hydraulic press with 
computer control, offered accurate and consistent heating rates, and enabled careful 
optimisation of processing conditions. This temperature programmable press was used to 
prepare composites with three of the matrix systems: TGDDM, CI2-TGDDM, and XD7342 
cured with DDS. The temperature was increased at 4K ger min to 150°C and the optimum 
dwell time determined by the quality of the resultant C-scans as described earlier. These 
heating conditions could then be simulated on the Rheometrics RDS 7700 and hence, with 
knowledge of the required viscosity profile, an approximate optimum process dwell time 
prior to consolidation could be determined for the other matrix systems.
Plots of log dynamic viscosity (p*) against time obtained with the Rheometrics 7700 for the 
three epoxy/DDS composite prepreg systems: TGDDM, CI2-TGDDM, and XD7342 cured 
with DDS, and employing the same temperature programme used for the production of the 
composite bars, are shown in Figures 4.2-4.4. The presence of fibre restricted the strain level 
to a much lower level (about 1%) than was used with neat resin samples (15%) yet still 
allowed data to be collected over the whole of the cure. As the temperature rose, the 
dynamic viscosity dropped initially then increased with the increasing degree of cure. The 
subsequent rise in log viscosity was approximately linear with a change in gradient when 
isothermal heating started, except in the cure of the XD7342/DDS system which was too 
fast to provide a linear region. There was a sharp upturn in viscosity as gelation was 
approached, and the extrapolated onset values are shown in the figures. The extrapolated 
values of 34, 41, and 1 min (excluding the ramp heating stage of 30 min) for the 
TGDDM/DDS, CI2-TGDDM/DDS and XD7342/DDS systems respectively, are just a few 
minutes less than the actual corresponding dwell times of 38-40, 42-44, and 2-4 min, 
required to produce high quality void-free composites. These corresponding dwell times 
indicate the exact time at which composite consolidation was required and relate to the point 
at which viscosity began to rise; this point and time is indicated and arrowed in the figures.
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Figure 4.3 Plot of log p* ys time for CI2-TGDDM composite prepreg cured with DDS 
(30-150°Cat4K/min) ^
90
2 0 - 7 - 4 9 5  XD7342/D0S lORAD/S 1% STR 2MM GAP
1 .  0 E ^ 0 5 .
30 t o  150 degC @ 4 K / m iA . (TOtal  “ 30min) t h e n  i s o .
O . O E + O O TIME( M I N . )
Figure 4.4 Plot of log p* %§ time for XD7342 composite prepreg cured with DDS 
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It was apparent that the optimum consolidation time occurred shortly after the steep rise in 
viscosity commenced. Although the available processing “window” (time limits during 
which pressure could be applied to consolidate the composite successfully) was only of the 
order of a couple of minutes for the selected cure conditions, it was perfectly adequate to 
enable composite bars of excellent quality to be made. A lower reaction temperature could 
effect a slower cure and provide the possibility of providing a longer processing window. 
This is demonstrated in Figure 4.5 by the extended cure profile of XD7342/DDS which was 
obtained with an isothermal dwell at 130°C instead of 150°C.
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Figure 4.5 Plot of log p* ^  time for XD7342 composite prepreg cured with DDS 
(30-130°Cat4kVmin).
The Rheometrics was then used to predict the optimum dwell times for three other epoxy 
resin systems in impregnated carbon fibre tows which were also heated at 4 K/min fiom 30 
to 150°C. The three systems were TGDDM, CI2-TGDDM, and 1072 and all cured with 
1062. The corresponding extrapolated onset times of 32, 42, and 90 min, were very close to 
the optimum dwell times required for the actual preparation of composite bars (shown in 
Table 4.1) which were found to be 36-39, 45-46 and 85-90 min respectively and determined 
after only two or three trial runs.
This screening approach was quite effective in determining an approximate processing 
dwell time. The time noted at the extrapolated onset of the rapid increase in viscosity 
provided a good approximation of optimum consolidation time. However, the precise value 
of the optimum viscosity required at the point of consolidation could not be established 
because there were large differences in the measured viscosity values of not only different 
matrix systems at their onset temperatures, but also between duplicate runs of an individual 
matrix system.
92
4.4 Initial composite properties
High quality uni-directional composite bars comprising the different epoxy matrices were 
obtained by using the improved leaky mould method. The composite samples were cured 
at 150°C for 5h, the mould was then allowed to cool to room temperature and the 
composites removed. Composite post-cure temperatures were optimised by examination of 
two or three composite specimens of each system by DMTA after increasing post-cure 
temperature and comparing the TgS. The mean results of Tg [log (E”)] with increasing post­
cure temperature are shown below in Table 4.3. All the composite samples comprising the 
various matrices were found to be fully cured at 200°C for 2h in vacuum, apart jftom 
XD7342/DDS, and 1072/1062 which required a further 2h at 220°C in vacuum.
In some cases, increasing the cure temperature to above 200°C was of no advantage and in 
fact caused thermal damage resulting in a lower value of Tg. The CI2-TGDDM/DDS system 
had a slightly higher Tg than TGDDM/DDS. A slightly higher Tg was found with samples 
prepared with batch 6 LXA of XAS carbon fibre compared with those prepared earlier with 
batch 5LXA of XAS carbon fibre using the same resins, which may have been adventitious 
because other physical and mechanical properties were found to be identical.
It is interesting to note that Tg measurements indicated that the presence of carbon fibre 
lowered the temperature at which the composite matrices were fully cured compared with 
the matrices cured alone. This effect was most marked in the case of XD7342/DDS where 
the matrix alone required a further 2h at 250°C in vacuum to achieve a fully cured system, 
whereas the composite was fully cured after 2h at 220°C. Garton et have reported
that the carbon fibre surface can have a marked effect on the rate of cure.
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Table 4.3 The effect of increasing post-cure temperature on composite T„ [log (E”)].
Epoxy Curing
agent
Carbon 
fibre batch 
(XAS)
Post­
cured
200°C
Tg'C
Post­
cured
220°C
Tg°C
Post­
cured
235°C
Tg'C
Post­
cured
250*C
Tg°C
la TGDDM DDS 5LXA 255 256
lb TGDDM DDS 6 LXA 263 263
2 a CI2-TGDDM DDS 5LXA 258 259
2 b CI2-TGDDM DDS 6 LXA 265 265
3 Br2-TGDDM DDS 5LXA 246 247
4 CI4-TGDDM DDS 5LXA 232 236
5 XD7342 DDS 6 LXA 310 329 325 320
6 TGDDM 1062 6 LXA 234 237 215
7 CI2-TGDDM 1062 6 LXA 238 234 2 0 1
8 1072 1062 6 LXA 225 249
(N.B. the values of T„ are approximately +/- 3^Cj
Each composite bar was carefully examined by ultrasonic C-scans and any specimens which 
showed signs of voids, resin deficiency or imperfections were rejected. Composite test bars 
were selected with a thickness measurement of 2 .0 0 mm (+/- 0 .0 2 mm) to ensure a constant 
fibre volume fraction in each specimen. The density of the composite bars is shown below 
in Table 4.4, together with the implied percentage fibre volume fraction and calculated 
percentage void volumes (VJ. The measured percentage weight carbon fibre contents 
enabled the determination of the actual percentage fibre volume fractions (Vf) to be 
calculated from the densities of fibre and resin.
94
Table 4.4 Measured densities, void contents and carbon fibre contents of composite bars.
Epoxy Curing 
agent j
Carbon
fibre
batch
(XAS)
Matrix 
density 
g cm'^  
(+/- 
0.01)
Composite 
density 
g cm'^
(+/-
0.01)
Implied
Vf
%
Void  
vol. Vv
%
Carbon 
fibre 
content 
% (wt)
Fibre 
vol. Vf 
(+/-.0.5) 
%
la TGDDM DDS 5LXA 1.25 1.58 60.0 + 0.29 68.84 60.5
lb TGDDM DDS 6 LXA 1.25 1.58 60.0 + 0.29 70.42 62.3
2 a Cb-TGDDM DDS 5LXA 1.32 1.60 58.3 + 0 .8 6 67.96 60.9
2 b Ch-TGDDM DDS 6 LXA 1.32 1.60 58.3 + 0 .8 6 69.19 62.2
3 Brg-TGDDM DDS 5LXA 1.46 1 .6 6 58.8 + 0.43 65.63 60.8
4 CI4-TGDDM DDS 5LXA 1.37 1.61 55.8 + 1.52 67.52 61.3
5 XD7342 DDS 6 LXA 1.25 1.58 60.0 + 0.29 68.06 59.7
6 TGDDM 1062 6 LXA 1.14 1.54 60.6 + 0.03 70.59 60.3
7 CI2-TGDDM 1062 6 LXA 1.19 1.57 62.3 -0 .8 3 71.82 62.8
8 1072 1062 1 6 LXA 1.06 1.52 62.2 -1 .0 4 73.04 61.5
The fibre volume fractions (V f) obtained from both density measurements and carbon 
content determinations are very close to the theoretical value of 60%. Very low values of 
percentage void volumes (VJ were obtained and are an indication of the high quality of the 
composites. Judd and Wright^^  ^ have noted that apparent negative values for void content 
are often found in cases of very low void content materials. They also noted that the overall 
accuracy of void content measurements is probably no better than +/- 0.5% in absolute 
terms due to the sensitivity of the method to minor inaccuracies in determining fibre and 
matrix densities.
Void content measurement of the composite bars gave a good overall impression of the 
quality of the composite but gave no information on the size, shape, or distribution of voids. 
Ultrasonic C-scan examination gave a much more detailed indication of voids and 
imperfections and their size and position, and enabled the careftil selection of high quality 
specimens. Ultrasonic C-scan examinations are generally the most usefiil non-destructive 
inspection technique for composites. The technique works by transmitting a short pulse of
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ultrasonic energy through the specimen and measuring the attenuation caused by passage 
through the material. The levels of attenuation appear as different trace densities on a plan 
view of the specimen. The attenuation is influenced by voids, delaminations, the condition 
of the fibre/matrix interface and foreign inclusions in the composite specimen.
Optical microscopic examinations of polished cross-sections of the composites gave a good 
indication of how well the fibres were aligned and consolidated. Figure 4.6 below shows a 
picture of a cross-section of the TGDDM/DDS composite which was a typical result of all 
the composites examined. The high level of close packing required to attain 60% Vf is 
apparent and the circular cross-sections of the fibres indicate good longitudinal alignment.
(xlOOO)
Figure 4.6 Optical microscopic examination of a polished cross-section of TGDDM/DDS 
composite
96
4.5 Interlaminar shear strengths of composites prepared with the various matrices
Interlaminar shear strength is highly influenced by the nature of the matrix and its thermal 
and mechanical properties. Interlaminar shear strength is also affected by the strength of 
the interfacial bond at the fibre-matrix interface. Good adhesion between the fibres and 
matrix is required in order to efficiently transfer loads from the matrix to the stiff fibres. If 
the bond is weak, the composite will not support loads in shear or compression, but if the 
bond is too strong the composite is brittle. The surface treatment of carbon fibres affects 
the strength of this bond and surface oxidations are optimised to attain the best 
compromise between good adhesion and toughness of the composite. Thus, commercially 
prepared carbon fibres which were uniformly surface treated were used in this 
programme. Commercially prepared carbon fibres are often produced with an epoxy resin 
“size” (often a diftmctional epoxy) to improve handling. In this programme, surface 
treated but unsized carbon fibre was used to avoid the possible complication of a matrix- 
size interface which might affect the comparison of the matrix sytems studied.
The unidirectional specimens were tested in the three-point bend short beam shear test, 
with the span to thickness ratio reduced to 5. Under these conditions the shear stress at the 
mid-layer becomes so important that a shear failure occurs in the mid layer, instead of 
tension failure in the outer layer of the beam^^ .^
The mean ILSS results obtained for composites comprising the eight matrix systems tested 
at 120°C and 150°C are shown below in Table 4.5 and Figure 4.7. An indication of the 
consistent high quality of the composite samples produced with the new method was the 
low percentage coefficient of variation (c.v. <6 %) obtained for the mean results. The 
halogen substituted TGDDM epoxies cured with DDS all show slightly higher ILSS values 
than TGDDM as indicated by the hatched areas in Figure 4.7. Br2-TGDDM had the highest 
value (96 MPa) at 120°C, while CI2-TGDDM had the highest value (85 MPa) at 150°C 
reflecting its higher Tg. No difference in mean ILSS was found between initial tests using 
the 5LXA batch of XAS fibre and later tests using batch 6 LXA with the same resins.
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Table 4.5 Mean ILSS of composites tested at 120°C and 150°C
Epoxy Curing
agent
Carbon
fibre
batch
Tg
°C
ILSS at 
MPa
120°C 
c.v. %
ILSS at 150"C 
MPa c.v. %
la TGDDM DDS 5LXA 255 89 2 .6 80 1 .6
lb TGDDM DDS 6 LXA 263 89 2 .1 80 2 .0
2 a CI2-TGDDM DDS 5LXA 258 94 3.2 85 1.4
2 b CI2-TGDDM DDS 6 LXA 265 93 3.7 85 1 .8
3 Bt2-TGDDM DDS 5LXA 246 96 1.5 82 2 .2
4 CI4-TGDDM DDS 5LXA 232 90 4.7 80 3.2
5 XD7342 DDS 6 LXA 329 71 4.7 67 3.4
6 TGDDM 1062 6 LXA 234 72 4.5 60 6 .6
7 CI2-TGDDM 1062 6 LXA 23% 78 4.4 6 6 3.2
8 1072 1062 6 LXA 249 6 6 3.9 59 5.7
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Figure 4.7. Mean ILSS (MPa) of unaged composites at 120°C and 150°C
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The XD7342/DDS system had relatively low ILSS values both at 120°C and 150°C despite 
its very high Tg. The 1072/1062 system also showed lower ILSS values than 
TGDDM/DDS, and the incorporation of the 1062 curing agent with TGDDM and CI2- 
TGDDM lowered considerably the ILSS values compared with those where DDS was used 
as the curing agent. These lower values of ILSS compared with TGDDM/DDS are probably 
related to a combination of the lower values of flexural modulus which were measured for 
the bulk epoxy specimens compared with TGDDM and reduced levels of adhesion at the 
interface.
Table 4.5 also shows a general trend that the composites with higher TgS showed a greater 
relative retention of ILSS at 150°C when compared with their mean ILSS at 120°C. In some 
cases the Tg of the matrix had a profound effect on the ILSS at the higher test temperature 
of 150°C. The lower Tg epoxies offered substantially reduced ILSS values at 150°C 
compared with at 120°C. This effect is shown clearly in Figure 4.8 where the relationship 
between Tg and the ratio of ILSS at 150°C divided by the ILSS at 120°C indicates the 
relative fall in ILSS at 150°C. Two additional points with TgS in the region 280-300°C 
relate to data obtained recently for other high Tg epoxies^ "^ °.
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Figure 4.8 Ratio of composite ILSS at 150°C divided by ILSS at 120°C vs Tg °C
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4.6 SEM examinations of ILSS fracture surfaces
After ILSS testing, all samples were visually inspected for interlaminar shear failure 
according to the CRAG test procedure^^ ,^ and examination by scanning electron microscopy 
(SEM) showed the characteristic shear cracks shown in Figure 4.9.
(x20)
Figure 4.9 SEM of TGDDM/DDS composite showing cracks characteristic of shear failure
Further SEM examinations of the fracture surfaces of four of the epoxy composite systems, 
after ILSS testing at 150°C are shown in Figure 4.10 (a-c) and all showed good examples of 
shear ‘cusps’ characteristic of shear failure "^ \^
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(a) TGDDM/DDS composite (xl900) (b) CI2-TGDDM/DDS composite (xl900)
mama
(c) XD7342/DDS composite (x2000) (d) CI2-TGDDM/IO6 2  (x2000)
Figure 4.10 SEM showing cusps characteristic of shear failure (after ILSS tests at 150°C)
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Thus, high quality composite bars with low void contents and low percentage coefficients of 
variation in mean ILSS were prepared with the eight combinations of epoxy and curing 
agents using an improved compression moulding system. It was essential to obtain high 
quality composite bars for the next stage of the research programme which was to determine 
the effect of water absorption on composite properties at elevated temperature. Very low 
variation in mean ILSS enabled an accurate determination of even slight improvements in 
ILSS at elevated temperatures and the relationship to reduced water absorption.
The use of a computer controlled heating programme on the hydraulic press enabled fairly 
accurate process conditions to be determined and when these were combined -with viscosity 
profiles obtained during rheological cure studies, they offered a rapid optimisation of 
processing conditions for novel epoxy matrices.
The halogenated epoxy systems offered slightly better ILSS values than TGDDM/DDS 
composites at elevated temperatures, combined with comparable glass transition 
temperatures. The CI2-TGDDM/DDS matrix system offered the highest ILSS value at 
150°C, combined with a slightly higher Tg and accompanied by only a minimal rise in 
composite density. Lower ILSS values were obtained for the composites prepared with the 
proprietary high temperature/low water absorption epoxy matrix systems.
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Chapter 5.
Results and Discussion:
The effects of hygrothermal ageing on carbon fibre 
composite test specimens comprising high performance 
and hydrophobically enhanced epoxy matrices.
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5.1. Introduction
The previous chapter described the preparation and properties of high quality 
unidirectional carbon fibre composites utilising high performance epoxy matrices. These 
matrices comprised some novel and proprietary epoxy resins and curing agents 'which 
were selected to provide a range of reduced water absorption capacities required to 
determine the relative effects of hygrothermal ageing on matrix dominated composite 
properties.
In addition to measuring properties such as composite moisture affinity and glass 
transition temperature (Tg), interlaminar shear strength (ILSS) was chosen to monitor the 
effect of hygrothermal ageing on the matrix performance in the composite, because it is a 
matrix/fibre-matrix interface dominated property. Interlaminar shear strength is highly 
influenced by the nature of the matrix and its thermal and mechanical properties. 
Interlaminar shear strength is also very sensitive to the amount of water absorbed by the 
polymer matrix; absorbed water has a plasticising effect on the matrix, reducing stiffiiess 
and Tg. It has been shown that the Tg is reduced by about 20°C for each percent of water 
absorbed"^ ’^"^ .^
The effect of moisture absorption on the ILSS of the composites and the relative retention 
of this property at elevated temperatures was studied. Thus, the ILSS of the composites 
was measured at 120°C, a standard test temperature for high performance aircraft 
applications, and 150°C which is a widely used temperature for improved high 
performance applications. The consistent high quality of the composite bars and the low 
values of percentage coefficients of variation for ILSS values enabled the determination of 
comparative changes in values of ILSS after hygrothermal ageing to be accurately assessed.
Composite samples comprising the eight matrix resin/curing agent combinations examined 
in Chapter 4 were hygrothermally aged for approximately 150 days at 70°C/83% RH by 
which time high levels of saturation had been attained. The samples were then removed and 
tested for ILSS at 120®C and 150°C. A batch of each sample was also dried to constant 
weight before ILSS testing.
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5.2 Moisture absorption of composites
Figure 5.1 shows moisture absorption curves plotted as moisture content (percentage weight 
gain) against the square root of time/thickness for the composites prepared with the three 
halogen substituted TGDDM/DDS systems compared with TGDDM/DDS. The moisture 
absorption curves show that the systems had attained a high degree of saturation at the time 
they were removed for testing (at root time/thickness = 30, i.e. -150 days at 70°C/83% RH); 
although there are some indications of a slow continued absorption, they had essentially 
reached a plateau at this point.
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Figure 5.1 Moisture absorption of TGDDM/DDS and halogen-substituted TGDDM/DDS 
composites at 70°C/83% RH.
The amount of water absorbed by the carbon fibres can be considered negligible compared 
with that absorbed by the epoxy matrix phase. Thus, assuming that the composites were 
void-free and had good interfacial bonding, it can be considered that the majority of the 
moisture was contained within the epoxy matrix phase. This is confirmed by Table 5.1 
which shows the values of moisture absorption measured for all the composites, together 
with those measured for the epoxy matrix alone and compared with normalised values of 
moisture absorption for the matrix phase of each composite system. In order to present a 
meaningful comparison, all values of moisture absorption were measured at the same value 
of Vtime/thickness (specimens 2.0mm thick aged for -150 days at 70°C/83% RH). These
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normalised values of moisture absorption in the matrix phase were calculated from the 
percentage weight of resin in each composite system. It is apparent that the normalised 
values of matrix moisture absorption are approximately equal to measured values of the 
respective epoxy resins. This observation confirms that all the moisture was contained 
within the matrix phase and indicates the absence of voids which would have resulted in 
higher levels of moisture absorption than measured in the matrix phase alone.
Table 5.1 Moisture absorption of composites compared with normalised values of the 
matrix phase and measured values of the epoxy resins.*
Epoxy Curing
Agent
Carbon
Fibre
XAS
batch
Composite 
moisture 
absorption 
(weight %)
(measured) 
(+/- 0 .0 1 %)
Matrix 
moisture 
absorption 
(weight %)
(normalised) 
(+/- 0 .0 1 %)
Epoxy 
moisture 
absorption 
(weight %)
(measured)
(+/-0 .0 1 %)
1 TGDDM DDS 5LXA 1.37 4.39 4.60
2 CI2-TGDDM DDS 5LXA 1.15 3.59 3.58
3 Br2-TGDDM DDS 5LXA 1.08 3.14 3.27
4 CI4-TGDDM DDS 5LXA 0.97 2.98 2.92
5 DOWXD7342 DDS 6 LXA 1.30 4.08 4.08
6 TGDDM 1062 6 LXA 0.87 2.96 -
7 CI2-TGDDM 1062 6 LXA 0.71 2.52 -
8 EPON 1072 1062 6 LXA 0 .6 8 2.52 -
*(2.0 mm thick specimens after ageing for -150 days at 70°C/83% RH) 
5.3 Hot-wet ILSS measurements at 120”C and 150”C.
Table 5.2 shows the mean ILSS values of the imaged composites compared ivith those 
obtained after hygrothermal ageing. In Figures 5.2 (ILSS at 120°C) and 5.3 (ILSS at 150°C) 
the hatched areas show the improvements in ILSS obtained with the halogen substituted 
matrix resins compared with the base-line composite system comprising the TGDDM/DDS 
matrix.
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Table 5.2. The effect of hygrothermal ageing at 70°C/83% RH on composite mean ILSS at 
120°C and 150°C.
Epoxy Curing
Agent
Carbon
Fibre
(XAS
batch)
Unaged 
composite 
ILSS (MPa) 
120°C 150°C
Hygrothermally aged 
at 70°C/83% RH 
wt gain ILSS (MPa) 
% 120°C 150°C
1 TGDDM DDS 5LXA 89 (2.6J 80 fI.6J 1.37 54 (2.0) 44(4.7)
2 CI2-TGDDM DDS 5LXA 94 (3.2) 85 (1.4) 1.15 60 (5.0) 48 (5.9)
3 Br2-TGDDM DDS 5LXA 96 (1.5) 82(2.2) 1.08 58 (2.8) 45 (1.3)
4 CI4-TGDDM DDS 5LXA 90 (4.7) 80 (3.2) 0.97 58 (4.3) 46 (2.2)
5 DOWXD7342 DDS 6 LXA 71 (4.7) 67 (3.4) 1.30 41 (4.0) 36 (4.1)
6 TGDDM 1062 6 LXA 12(4.5) 60(6.6) 0.87 55 (5.0) 44 (4.5)
7 CI2-TGDDM 1062 6 LXA 78 6 6  (3..^ 0.71 59 (4.2) 47 (4.5)
8 1072 1062 6 LXA 6 6  (3.9) 59 (5.7) 0 .6 8 39 (4.5) 35 (4.^
Moisture saturation caused a severe fall in ILSS both at 120°C and 150°C for all the systems 
due to the detrimental plasticising effects of the absorbed moisture. However, Figures 5.2 
and 5.3 show that after hygrothermal ageing, the halogen-substituted TGDDM systems 
produced significant improvements in the retention of ILSS values when compared with the 
TGDDM/DDS based composites. The CI2-TGDDM/DDS system showed the best 
properties with mean ILSS values about 10-15% higher than TGDDM/DDS both at 120°C 
and 150°C, reflecting perhaps, both its higher dry Tg than the other halogenated systems and 
its lower level of composite water absorption (1.15%) than TGDDM/DDS (1.37%).
It is interesting to note that the combination of CI2-TGDDM with the low water absorption 
curing agent 1062 produced a very low moisture absorption (0.71%) which resulted in the 
hot/wet ILSS almost equalling that of the CI2-TGDDM/DDS system. However, the curing 
agent 1062 significantly lowered both the Tg and the ILSS of the dry composites. The high 
glass transition temperature of XD7342/DDS appeared to confer no advantage since it 
produced lower ILSS values both before and after hygrothermal ageing compared with 
TGDDM/DDS.
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Figure 5.2 The effect of hygrothermal ageing (at 70°C/83% RH) on mean ILSS (MPa) of 
composites at 120°C.
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Figure 5.3 The effect of hygrothermal ageing (at 70°C/83% RH) on mean ILSS (MPa) of 
composites at 150°C.
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Figures 5.2 and 5.3 also show that despite the lowest level of composite moisture absorption' 
(0.68%) offered by the 1072/1062 system, both its dry (59 MPa, 150°C) and wet (35 MPa, 
150°C) ILSS values are very low compared with both TGDDM/DDS and the CV 
TGDDM/DDS matrix.
Figure 5.4 below facilitates the comparison of both dry and wet ILSS values at 120°C and 
150°C for the halogen substituted TGDDM composites compared with TGDDM composites 
and clearly shows the advantage conferred by the CI2-TGDDM/DDS matrix sytem.
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Figure 5.4 The effect of hygrothermal ageing (at 70°C/83% RH) on mean ILSS (MPa) of 
composites at 120°C and 150”C and improvements over TGDDM/DDS shown by halogen- 
substituted systems.
Table 5.3 shows that the composite systems recovered most of their initial ILSS values after 
complete drying to constant weight in a vacuum oven at 100°C. The very slight reduction in 
mean ILSS values can probably be attributed to the effects of a very small quantity of 
moisture (<0.1 %) which was irreversibly retained in the composite even after drying. This
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small quantity of water is probably bound to strongly polar sites in the polymer matrix. The 
slight rise in mean ILSS noted in the case of TGDDM/1062 is probably adventitious.
Table 5.3 The mean ILSS (at 120°C and 150°C) of unaged composites compared with those 
dried after hygrothermal ageing
Epoxy Curing
Agent
Carbon
Fibre
(XAS
batch)
Unaged composite 
ILSS (MPa)
120°C 150°C
Dried after ageing 
at 70°C/83% RH 
ILSS (MPa) 
120°C 150°C
1 TGDDM DDS 5LXA 89 (2.6) 80 (1.6) 8 8 11 (3.0)
2 CI2 -TGDDM DDS 5LXA 94 (2.2) 85 (1.4) 90 (4.7) 82 (1.9)
3 Br2 -TGDDM DDS 5LXA 96 (1.5) 82(2..^ 91 (4.3) 78 (2.2)
4 CI4 -TGDDM DDS 5LXA 90(4.7) 80 (3.2) 8 8  (3.4) 19 (3.0)
5 XD7342 DDS 6 LXA 71 67 (3.4) 69 (2 . 67 (3.69
6 TGDDM 1062 6 LXA 72 60 (6.6) 77 (2.8) 6 6  (4.0)
7 CI2 -TGDDM 1062 6 LXA 78 (4.4) 66 (3.2) 78 (4.2) 66 (4.6)
8 1072 1062 6 LXA 6 6  M 59(5.7) - -
(The values in parentheses are the percentage coefficients of variation for mean ILSS) 
5.3.1 Validation of hot/wet ILSS tests
Although the ILSS tests on hygrothermally aged composite specimens were performed at 
temperatures above the boiling point of water, most of the water was retained within the 
composite samples during the test. This was confirmed by weighing the composite 
specimens both before and after the ILSS tests were completed and comparing their original 
dry weights. The mean percentage water contents of the halogenated TGDDM/DDS 
systems compared with that of TGDDM/DDS after testing at 120°C and 150°C are shown in 
Table 5.4. The high levels of percentage water retention (greater than 70% even after testing 
at 150°C) are shown in parentheses and confirm the validity of the hot/wet tests. Owing to 
the slow diffusion of water through the matrix resin, the composite would probably remain
saturated at the centre of the specimen - the site of maximum shear failure 139
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Table 5.4 The percentage water content in composite specimens after ILSS testing at 120°C 
and 150°C compared with values measured before testing.*
Matrix Curing
agent
% water content 
after-150 days 
at70°C/83%RH
% water retained 
after testing at 
120°C
% water retained 
after testing at 
150°C
TGDDM DDS 1.37 1 . 2 0 (8 8 %) 0.97 (71%)
CI2 -TGDDM DDS 1.15 1.06 (92%) 0.95 (83%)
Br2 -TGDDM DDS 1.08 0.90 (83%) 0.82 (76%)
CI4 -TGDDM DDS 0.97 0.85 (8 8 %) 0.74 (76%)
* (values of percentage water retained are shown in parentheses).
5.4 SEM examinations of ILSS fracture surfaces
Composite ILSS test specimens were examined by SEM to determine the effect of moisture 
on the shear fracture surfaces. The interlaminar shear fracture surfaces of the 
hygrothermally aged composite specimens shown in Figures 5.5 (TGDDM/DDS), 5.6 
(XD7342/DDS) and 5.7 (CI2 -TGDDM/DDS) are very different to those of the dry, unaged 
specimens shown in Chapter 4. The hygrothermally aged specimens show an absence of 
both polymer matrix resin bonded to the fibres and the characteristic matrix resin shear 
‘cusps’ which are present in the imaged composites. The detail of the fibre surfaces is 
clearly visible, along with fibre imprints in the matrix resin which indicate reduced bonding 
of the matrix to the fibres. Purslow^ "^  ^has reported this effect with moisture aged specimens 
and composites exhibiting poor fibre/matrix bonding. It is interesting to note that the 
fracture surfaces of the CI2 -TGDDM/DDS composite shown in Figure 5.7 appear to show a 
larger amount of matrix resin adhering to the fibres than either TGDDM/DDS or 
XD7342/DDS. This suggests an improved adhesion of the chlorine-substituted TGDDM 
matrix to the fibres which could contribute to the higher values of hot-wet ILSS compared 
with the other matrix systems.
I l l
x p
Figure 5.5 SEM (x2000) of ILSS fracture of hygrothermally aged TGDDM/DDS composite.
Figure 5.6 SEM (x2000) of ILSS fracture of hygrothermally aged XD7342/DDS composite.
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Figure 5.7 SEM (x2000) of ILSS fracture of hygrothermally aged CI2-TGDDM/DDS 
composite.
5.5 DM[TA studies of the effect of hygrothermal ageing on composite Tg
In order to gain a greater understanding of the reasons why hygrothermal ageing of the 
composites reduced their ILSS, the effect of hygrothermal ageing on the Tg of the 
composites was investigated. Measurements of Tg by DMTA allow the effects of moisture 
absorption on the viscoelastic properties of the matrix polymer to be studied.
Composite samples (2mm thick x 50mm long x 12.5mm wide) were dried to constant 
weight then hygrothermally aged at 70°C/83% RH. The samples were removed after 
approximately 160 days by which time high levels of saturation had been reached. After 
weighing to determine the water content, the samples were transferred to the DMTA to 
measure the wet T„. Dry, unaged samples were tested initially for comparison.
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Measuring the Tg of a wet polymer matrix is complicated by the specimen losing moisture 
during heating and especially in the glass transition region, where molecular mobility and 
water diffusion are enhanced. Thus, the TgS were measured at both the peak of the loss 
modulus curve [log(E")] and at the extrapolated onset temperature of the characteristic 
drop in the log storage modulus curve [log(E')]. Earlier work by Barton et has 
demonstrated that the extrapolated onset temperature provides a realistic measure of the 
wet Tg, since it represents the behaviour of the region in the sample with the highest 
moisture content.
The resultant moisture absorption and changes in Tg are shown as the mean of at least two 
composite specimens in Table 5.5 and Figure 5.8 where improvements in Tg over the 
baseline TGDDM/DDS system are shown by the hatched areas on the bar charts. 
Duplicate specimens of each system showed good agreement for both dry and wet TgS. 
There was a marked reduction in the Tg of all saturated samples, but as expected, the 
composites which absorbed less water showed a smaller drop in Tg than those with higher 
water absorption. There was also a general trend between the reduction in Tg and the 
reduction in ILSS. The halogen-substituted TGDDM matrices all offered improved hot- 
wet TgS compared with the TGDDM matrix. The CI2-TGDDM/DDS composites 
produced the highest wet Tg [199”C, log(E')] which was much higher than the standard 
TGDDM/DDS [177°C, log(E')] and undoubtedly contributed to its improved ILSS. The 
CI2-TGDDM/IO6 2  matrix also offered a high wet Tg [195°C, log(E')] but the dry Tg of 
this matrix was lower than TGDDM/DDS; these values of Tg are reflected directly by the 
ILSS values obtained with this matrix and emphasise the effect of Tg on ILSS at elevated 
temperatures. A slightly higher Tg was found with composites prepared with6LXAfibre 
compared with those prepared with 5LXA fibre using the same matrix resins, however 
this was not reflected in the values of dry or hot-wet ILSS.
The CI2-TGDDM/DDS matrix system has shown consistent advantages over the base-line 
TGDDM/DDS matrix in terms of higher flexural modulus, lower moisture absorption and 
higher hot-wet Tg and ILSS properties.
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Table 5.5 The effect of hygrothennal ageing on the mean Tg- of composites samples.
MATRIX
RESIN
CURING
AGENT
CARBON
FIBRE
DRYTg 
E" E
C c) (°c)
WETTg 
E" E
c c )  m
FALL IN Tg 
E" E  
(°C) (°C)
H2O
wt
(%)
TGDDM DDS 5LXA 255 241 191 172 64 69 1.50
CI2-TGDDM DDS 5LXA 261 250 207 187 54 63 1.31
Br^-TGDDM DDS 5LXA 246 235 199 183 47 52 1.17
CI4-TGDDM DDS 5LXA 232 2 2 2 196 181 36 41 0 .8 8
TGDDM DDS 16LXA
1
263 246 194 177 69 69 1.47
CI2-TGDDM DDS 6 LXA 265 254 216 199 49 55 1.26
XD7342 DDS 6 LXA 329 322 309* 291* 2 0 * 31* 1.29
TGDDM 1062 6 LXA
Ï
!
234 228 2 0 2 190 32 38 0 .8 8
CI2-TGDDM 1062 6 LXA 238 226 207 195 31 31 0.70
* closer examination of the DMTA runs on XD7342/DDS composites revealed an initial fall
in storage modulus [(logE’)] at ~120°C, this is probably more representative of the wet Tg. 
(N.B. the values of Tg are approximately +/- 3"C)
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Figure 5.8 The effect of hygrothennal ageing (160 days at 70”C/83%RH) on composite 
Tg [log(E’)]
Figures 5.9 and 5.10 show the differences between the DMTA traces of dry, unaged 
TGDDM/DDS composites with those obtained after hygrothennal ageing; the 70°C 
reduction in Tg due to hygrothennal ageing is quite apparent. Figures 5.11 and 5.12 show 
that despite the fall in Tg due to hygrothennal ageing, there is a distinct improvement in 
the hot-wet Tg offered by the CI2-TGDDM composite. Figures 5.13 and 5.14 compare the 
DMTA trace of the dry unaged XD7342/DDS composite with that obtained after 
hygrothennal ageing. The loss modulus curve [log(E”)] was considerably broader than 
that of the dry sample and although the wet Tg was attributed at first to the extrapolated 
onset at 291°C [log(E’)], when other XD7342/DDS composite specimens were removed 
at 290°C and weighed, it was found that they had in fact lost all moisture. However, on 
closer examination, a significant fall in the storage modulus [log(E’] can be seen to 
commence at about 100”C; this represents a close approximation to the actual wet Tg, and 
probably explains the exceptionally low hot-wet ILSS values obtained with this matrix.
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I Figure 5.9 DMTA of dry, unaged TGDDM/DDS composite (5LXA fibre).
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Figure 5.10 DMTA of TGDDM/DDS composite (5LXÀ fibre) after -160 days at 70”C/83% RH,
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Figure 5.11 DMTA of dry, unaged CI2-TGDDM/DDS composite (6LXA fibre).
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Figure 5.12 DMTA of CI2-TGDDM/DDS composite (6LXA fibre) after -160 days at 70°C/83% RH.
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Figure 5.13 DMTA of dry, unaged XD7342/DDS composite (6LXA fibre).
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Figure 5.14 DMTA of XD7342/DDS composite (6LXA fibre) after -160 days at 70°C/83% RH.
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5.5.1 Validation of hot-wet Tg measurements
The problem of samples drying out as the run proceeded was minimised by using 
saturated samples which were relatively thick (2.0 mm). Barton et reported wet TgS 
for epoxy-based composites which were 0.5 and 1.0 mm thick, but their results indicated 
a faster evolution of moisture from 0.5mm samples. Composite specimens with the fibres 
aligned longitudinally were also chosen as Barton et reported that the rate of 
moisture loss was much lower than that observed for composite specimens with fibres 
aligned in the transverse direction. The reason for this reduced rate of desorption was 
probably due to a lower amount of moisture lost by diffusion along the fibre matrix 
interface as a result of both the longer path length and smaller area of exposed fibre ends 
compared with transverse specimens.
In order to validate wet Tg data, samples were removed immediately after the test and 
weighed to determine the amount of residual water left in the composite after testing. 
With the exception of the high Tg epoxy system XD7342/DDS removed at 290°C, the 
amount of water lost during the test was remarkably low, about 70% of water being 
retained when the sample was removed at the extrapolated onset Tg [log(E')]. There is 
probably a gradient of moisture concentration through the specimen at elevated 
temperatures, but any loss of water would have occurred mostly at the surface due to the 
length of time required for water to diffuse out of the 2mm thick samples.
5.6 The effects of thermal spiking / additional hygrothermal ageing on composite 
wet glass transition temperatnre
In some service applications where aircraft fly short sorties at supersonic speeds, 
composite components may experience frequent and sudden exposure to rapid temperature 
rises known as thermal ‘spiking’. Collings et Clark et a l}^  and Jones et 
have reported that carbon fibre epoxy composites subjected to thermal spiking can exhibit 
enhanced moisture absorption when compared with the level of saturation obtained under 
normal constant hygrothermal ageing.
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The potentially damaging effects of repeated ageing cycles of drying and saturation which 
could be encountered in service were investigated by studying the effects of thermal 
spiking on the moisture absorption and resultant wet TgS of the TGDDM and halogen- 
substituted TGDDM based composites prepared with the 5LXA grade carbon fibre. The 
composite specimens were hygrothermally aged at 70°C/83 % RH for approximately 160 
days to attain a high level of saturation. The saturated composite specimens were 
thermally spiked by heating in the DMTA oven (at 51</min) to approximately 5°C below 
their pre-determined extrapolated onset Tg [log(E')] temperature, then removed, cooled 
rapidly in air to room temperature and returned to the humid ageing environment and re­
saturated. The thermal spike heating rate of 5(c7min is clearly a much slower heating rate 
than suddenly placing the composite specimens in a hot oven and does not perhaps mirror 
the thermal spike caused by a heating profile of rapid acceleration to >Mach 2.0. 
However, it was considered to be a well controlled heating rate offered by DMTA which 
could also ensure that wet Tg temperatures were not exceeded, and was similar perhaps to 
the heating profile which an aircraft wing might experience as it flies to gradually 
increasing supersonic speeds.
The effects of thermal spiking and subsequent resaturation of the composite samples are 
shown in Table 5.6 and Figure 5.15. The initial improvements in dry Tg over the base­
line TGDDM/DDS composites are shown by the hatched areas on the bar chart (and also 
for first wet Tg measured). For the saturated TGDDM/DDS composites, thermal spiking 
followed by hygrothermal ageing was repeated three times. An increase in moisture 
absorption was noted with each resaturation, however. Table 5.6 shows that the relative 
increase in moisture absorption diminished with each resaturation, resulting in only a 
minor increase in saturation level with the fourth ageing. The resultant 30% increase in 
moisture absorption from 1.50% to 1.93% (5% to 6.4% moisture absorption when 
normalised to the volume fraction of matrix) produced a further reduction in wet Tg from 
172 to 162°C [log(F')]. The other saturated composite systems comprising halogen- 
substituted TGDDM matrices also showed reductions in Tg after just one thermal spike 
followed by hygrothermal ageing, but the CI2-TGDDM/DDS maintained the highest wet 
T„ (183°C).
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Table 5.6 The effect of repeated hygrothermal ageing on the T„ of composite samples
MATRIX
RESIN
CURING
AGENT
CARBON
FIBRE
INITIAL 
WETTg 
E" E'
C c) C c)
FINAL 
WETTg 
E" E' 
(°C) (°C)
TIME AT  
70°C/83%RH 
(days)
H2O
wt
(%)
TGDDM DDS 5LXA 191 172 - - 161 1.50
- - +7 1.73
- - +7 1.91
177 162 +7 1.93
Ch-TGDDM DDS 5LXA 207 187 - - 162 1.32
202 183 +6 1.47
Bf2-TGDDM DDS 5LXA 199 183 - - 163 1.17
196 180 • +6 1.34
CI4-TGDDM DDS 5LXA 196 181 - - 163 0.88
188 170 +5 1.00
(N.B. the values of T„ are approximately +/- 3°C)
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Figure 5.15 The effects of thermal spiking/hygrothermal ageing on composite wet Tg
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Heating the composite specimens to just below their wet Tg was quite extreme, however 
weight measurements proved that more than 70% of the moisture was retained in the 
specimens after thermal spiking. The increased moisture absorption measured on re­
saturation can probably be attributed to an increase in network free volume. These results 
concur with Jones et who reported an enhanced moisture absorption of carbon
fibre epoxy composites which depended strongly on the spiking temperature. In some 
cases, after multiple spiking and subsequent hygrothermal ageing, Jones et have 
reported recently that neat epoxy specimens contained up to 40% more moisture than the 
isothermally conditioned specimens. They also reported that as free volume is known to 
increase with temperature, moisture absorption is expected to increase with spiking 
temperature, providing that the spiking temperature is below the wet Tg and does not 
cause degradation effects such as oxidation and decomposition of the polymer matrix.
Thus, the relationship between Tg, moisture absorption and ILSS is complex. A higher Tg 
matrix is usually associated with a higher level of water absorption. The absorbed moisture 
plasticises the matrix and thus will reduce the mechanical properties at elevated 
temperatures, and especially the hot/wet ILSS. However, a high Tg is required of the dry 
matrix to provide high ILSS at 150°C, which combined with the advantage of a reduced 
water absorption can also confer good hot/wet ILSS properties. The CI2-TGDDM/DDS 
matrix does appear to combine all these properties and shows the best dry and hot/wet 
properties.
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Chapter 6.
Results and Discussion:
The effects of thermo-oxidative ageing on high 
performance epoxy matrices and their derived 
composites and the combined effects of hygrothermal 
ageing.
124
6.1. Introduction
The previous chapter described the effects of hygrothermal ageing on the properties of 
high quality unidirectional carbon fibre composites utilising some high performance 
epoxy matrices. These matrices comprised some novel and proprietary epoxy resins and 
curing agents which were selected to provide a range of reduced water absorption 
capacities required to determine the relative effects of hygrothermal ageing on matrix 
dominated composite properties. They were also selected in order to study the difference 
in thermo-oxidative ageing between 0 -glycidyl and V-glycidyl epoxies and its effect on 
on bulk polymer and composite properties. This study of the effects of thermo-oxidative 
ageing was performed initially on bulk polymer properties in order to gain an 
understanding of how changes in the thermal and mechanical properties of the matrix may 
affect composite properties. The programme was performed in the following three parts:
• The initial investigation involved the study of the relative effects of oxidation on 
several N- and O-glycidyl systems utilising thin polymer specimens (0.5mm thick) to 
greatly reduce the time required to oxidatively age the specimens. The Tg and 
gravimetric changes were measured in conjunction with Fourier Transform Infia-red 
(FTIR) spectroscopy studies to gain an understanding of the mechanisms of thermo­
oxidation in air and how they relate to changes in polymer properties.
• The effects of thermal oxidative air ageing at 150°C on properties such as Tg, 
gravimetric changes and flexural modulus were then studied for 2 mm thick epoxy 
specimens prepared from the eight combinations of resins and curing agents selected 
for examination in the composite study.
• Finally, the properties of the composites prepared with the selected O- and TV-glycidyl 
epoxies were then investigated after thermal air oxidative ageing at 150°C to 
determine the relative effects on weight loss, Tg and the matrix dominated property 
ILSS.
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The elevated temperature of 150°C was selected as a maximum temperature that the 
matrix systems might be expected to encounter in advanced aerospace applications and 
hence was the chosen temperature at which to monitor the effects of thermo-oxidative 
ageing. This temperature is well below the Tg of the matrix systems so relaxation effects 
attributed to physical ageing were considered minimal and the major changes in polymer 
properties can thus be attributed to the effects of thermo-oxidative ageing.
6.2 Thermo-oxidative ageing of 0.5mm thick epoxy specimens.
6.2.1 DMTA studies
DMTA was used to study the effect of thermo-oxidative ageing in air at 150°C on the Tg 
of a range of 0-and iV-glycidyl systems all cured with DDS. The TgS were measured from 
the peak of loss modulus [log(E”)j.
O-glycidyl systems
Oxidative ageing in air at 150°C had a pronounced effect in lowering the Tg of the O- 
glycidyl based epoxy XD7342/DDS. The DMTA scans are shown superimposed in Figure
6.1 after increasing time of ageing in air at 150°C. The onset of the fall in storage 
modulus [log(E’)] and the peak of the loss modulus [log(E”)] were both reduced with 
increasing ageing times. A dramatic fall in Tg of about 50°C was apparent after just 13 
days at 150°C for the XD7342 system, and the Tg levelled off to about 200°C after 104 
days at 150°C.
Figure 6.2 shows a plot of Tg [log(E”)] against ageing time for the XD7342/DDS system 
at 150°C and also at a lower ageing temperature of 110°C which was investigated. Even at 
the lower ageing temperature of 110°C there was severe network degradation reflected by 
a gradual reduction in Tg with ageing time, and resulted in a fall of about 100°C after 250 
days. However, it is apparent the rate of ageing was dramatically faster at 150°C and the 
same degree of reduction in Tg was observed after just 2 0  days at 150°C.
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Figure 6.1 The effect of thermo-oxidative ageing in air at 150°C on the Tg of 
XD7342/DDS monitored by DMTA.
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Figure 6.2 Plot of the effect of thermo-oxidative ageing in air at 110/150°C against 
ageing time on the Tg [log (E”)] of XD7342/DDS.
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Figure 6.3 shows that this trend appears to be general for the three other (9-glycidyl 
systems examined, since DGEBA, Epon 1031, and TGPAP (all cured with DDS) also 
showed reductions in Tg after similar ageing times at 150°C, although to a lesser extent. 
Thus, the Epon 1031 system showed a fall in Tg from 325°C to about 250°C after 60 days, 
the Tg of the DGEBA-based system fell by about 50°C, and that of theTGPAP system 
based on triglycidyl ether of 4-aminophenol fell by about 40°C.
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Figure 6.3 The effect of ageing in air at 150°C on the Tg [log (E”)] of some O-glycidyl 
based epoxies.
Thus, the dramatic reductions in Tg observed after ageing in air, even at the fairly modest 
temperature of 110°C in the case of XD7342, suggest that the 0-glycidyl systems are 
prone to network damage probably caused by thermal oxidation resulting in chain 
scission, reduced crosslink density and hence reduced Tg.
In an initial experiment to determine the relative effects of thermo-oxidative ageing 
compared with thermal physical ageing, specimens of XD7342/DDS were aged for 21 
days at 150°C in air while others were aged for 21 days at 150°C in an inert atmosphere of 
nitrogen. The effects of these two different types of ageing on Tg are shown in Table 6.1. 
These particular specimens were prepared in the intial stages of the investigation and had
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been post-cured at 200°C rather than the established temperature of 250°C and hence were 
slightly under-cured. Ageing in air had the pronouced effect of reducing the Tg from 
222°C to 184°C. In contrast, thermal ageing in nitrogen showed no signs of degrading or 
even relaxing the network, but interestingly, had the effect of increasing the degree of 
cure and raised the Tg to 241°C. Thus, the contribution from physical ageing causing 
relaxation of the network appears to be minimal at the ageing temperature of 150°C, 
especially as the epoxies of interest in this programme had TgS >250°C.
Table 6.1 The effects of ageing at 150°C in air and nitrogen on the Tg [log(E”)] of 
XD7342/DDS post-cured at 200°C.
XD7342/DDS Tg m
Post-cured 2 hours at 200"C 2 2 2
Aged 21 days at 150"C in N2 241
Aged 21 days at 150"C in air 184
A-glycidyl systems
In contrast to the falls in Tg observed for the 0-glycidyl systems. Figure 6.4 emphasises 
that the various A-glycidyl systems examined, TGDDM, CI2-TGDDM, Br2-TGDDM, and 
DGA, appeared to be unaffected by thermo-oxidative ageing with no significant change in 
Tg even after 150 days at 150°C. These results suggests that the A-glycidyl systems were 
remarkably stable to thermo-oxidative ageing at 150°C and did not suffer network 
damage. They also concur with the observations of thermal stability reported by Thoseby 
e ta l for TGDDM/DDS.
129
300
200 -
5" )^x X X X
X  150
100
50
0
♦â
^TGDDM
^CI2-TGDDM
^Br2-TGDDM
X DGA
—I— -------- t-------------Î-----------H-------------1-------------1--------------i--------
20 40 60 80 100 120 140 160
Time (days)
Figure 6.4 The effect of extended ageing in air at 150°C on the Tg [log (E”)] of N- 
glycidyl systems cured with DDS.
6.2.2 Gravimetric studies.
Despite the apparent stability of the A-glycidyl-based networks to thermo-oxidative 
degradation as reflected by Tg measurements, Figure 6.5 shows that weight losses were 
noted with increasing time of ageing for the various A-glycidyl systems examined. A 
gradual weight loss ocurred with time and the specimens’ change in weight had reached a 
mean value in the region of about -3 to -4% after 150 days ageing at 150°C.
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Figure 6.5 The effect of ageing in air at 150°C on weight change of A-glycidyl systems.
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Thermo-oxidative ageing of the 0-glycidyl based networks revealed some interesting 
aspects of weight change as shown in Figure 6.6. For XD7342 and 1031 it is evident that 
competing weight loss and weight gain processes are occurring; the weight loss curve 
shows that a maximum weight gain occurred in the early stages of ageing followed by a 
gradual loss in weight. In contrast, the DGEBA-based system undergoes a simple 
progressive loss in weight. The most obvious explanation for the initial weight increase is 
that the tertiary hydrogen atoms, which are present in XD7342 and 1031, are readily 
oxidised to hydroxyl groups in the early stages of ageing.
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Figure 6.6 The effect of ageing in air at 150°C on weight change of the 0-glycidyl 
systems.
6.3 Thermo-oxidative ageing of 0.01 mm thick epoxy films: FTIR studies.
The effects of oxidative ageing at 150°C on the infra-red spectra of thin films (-0.010mm 
thick) of cured epoxies were monitored with a Perkin Elmer FTIR Model 1750 in the 
transmission mode. The results obtained are presented for N- and O- glycidyl systems:
6.3.1 /V-glycidyl systems
Two A-glycidyl systems were examined: TGDDM and DGA; both systems were cured
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with DDS. The effects of ageing in air at 150°C on FTIR spectra of the TGDDM/DDS 
system are shown in Figure 6.7. The spectra are shown superimposed with increasing 
ageing time. It is apparent that this epoxy underwent considerable oxidation, and carbonyl 
absorptions soon developed at 1720 cm’  ^ (ketone) and 1670 cm’' (amide), and that these 
were quite strong after just 97 hours (4 days) at 150°C. The ratio of the absorbances 
(Ai72o / Ai67o ) is in the region of -0.4 (falling slightly from 0.44 to 0.38 during the 
oxidative ageing period - suggesting an increasing formation of amide). Bellenger et 
found that for model compounds, the ratio of molar extinction coefficients for 
ketone at 1720 cm’' and amide carbonyl at 1660 cm’' is -0.4 : 1. Thus, the absorption 
intensités observed for TGDDM/DDS suggest fairly equal molar concentrations of ketone 
and amide units produced by oxidation.
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Figure 6.7 The effect of ageing in air at 150°C on the FTIR spectra of TGDDM/DDS.
It was quite surprising to find that these carbonyl absorptions developed so rapidly for the 
A-glycidyl systems, considering that no significant change in Tg was observed with 
prolonged thermal oxidative ageing. Bellenger et reported that for oxidative ageing 
of DGEBA-based networks cured with diamines, they observed a correlation between the 
increasing amide (1660 cm’') absorption and network degradation as reflected by 
reductions in Tg. The behaviour of the TGDDM-based network clearly does not agree 
with that reported for DGEBA because the Tg was unchanged with oxidative ageing, 
indicating that the integrity of the network was retained despite the very pronounced 
formation of amide groups. Thus, it can be concluded that for the TGDDM/DDS system.
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oxidation of methylene to form amide at 1670 cm‘^  and of hydroxymethylene to form 
ketone at 1720 cm'  ^ occur without network scission as shown in Figure 6 .8 . As might be 
expected, a corresponding decrease in intensities of the hydroxyl and methylene 
stretching frequencies were observed as the oxidation proceeded.
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-1650 cm-1 1670 cm-1 1720 cm-1 1670 cm-1
Figure 6 .8  The effect of oxidation on the TGDDM/DDS network.
It was considered that oxidation of the methylene group which bridges the aromatic rings 
in TGDDM might contribute significantly to the ‘amide’ absorption, as Conley 
reported carbonyl absorptions resulting from the oxidation of bridging methylene groups 
in phenol formaldehyde resins occur at ~1655cm"\ Thus, the DGA system which contains 
no bridging methylene groups was studied. The resultant FTIR spectra shovm in Fig 6.9 
show a similar ratio of carbonyl absorption intensities to the TGDDM/DDS system, 
however, the ratio of the absorbances (A1720 / A^ g^ g ) actually increased from 0.39 to 0.47 
over the ageing period which indicates a relatively decreasing formation of amide 
compared with ketone group formation.
These observations suggests that oxidation of the methylene groups which bridge the 
aromatic rings in TGDDM does increase slightly as thermo-oxidative ageing proceeds, 
and contributes to the observed increase in amide absorption intensity with increasing 
oxidative ageing.
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Figure 6.9 The effect of ageing in air at 150°C on the FTIR spectra of DGA/DDS.
6.3.2 O-glycidyl systems
Two O-glycidyl systems were examined: Epon 825, which comprises mostly the single 
oligomer of DGEBA, and the high temperature system XD7342, both systems being 
cured with DDS. The FTIR spectra of these systems after ageing in air at 150°C are 
shown in Figure 6.10, together with TGDDM/DDS for direct comparison. The spectral 
observations for the DGEBA-based network are similar to those reported by Bellenger et 
and C o n l e y I t  is apparent that the 0-glycidyl-based systems also underwent 
considerable oxidation of the network as reflected by the development of strong carbonyl 
absorptions at about 1720 cm'  ^ due to oxidation of the secondary alcohol group, and at 
1660 cm'  ^ due to oxidation of the -CH2-N element. However, considering that thermo- 
oxidative ageing in air at I50°C reduced the Tg of the O-glycidyl systems compared with 
esssentialy no change in the Tg of the A-glycidyl-based systems, it was surprising that the 
carbonyl absorptions developed appreciably more slowly for the O-glycidyl system and 
were still quite weak even after ISOh at 150°C, whereas those for the A-glycidyl system 
were quite intense. Any cleavage products would be expected to contain carbonyl or 
carboxyl end groups and manifest themselves in the FTIR spectra. It should be noted that 
the factor of 2:1 favouring amide formation in the case of the A-glycidyl systems was 
reversed for the 0-glycidyI based network, since any ester resulting from the oxidation of 
the -O-CH2- will absorb in the ketone region. These results indicate that network cleavage 
occurs almost exclusively at the ether end of the aliphatic unit.
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Figure 6.10 The effect of ageing in air at 150°C on the FTIR spectra of (a) TGDDM, 
(b) DGEBA, and (c) XD7342.
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A scheme following established paths for ether cleavage is shown in Figure 6.11. Auto- 
oxidative cleavage of ethers has been extensively investigated by Denisov^ "^  ^ but that of 
amides much less so.
CH2-N
OHCH3
?\
o — c
~1750cm'
?\
— C—
?\ . 
— c —N
-1 4720cm-1 1660cm'
/
\
- 1
(a) Oxidation resulting in network retention
OH + 0 = C ^
H
0 - C - H
II
O
0-C H
(b) Oxidation resulting in network cleavage
Figure 6.11 Oxidation of the O-glycidyl/DDS network resulting in (a) network retention 
and (b) network degradation
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These observations indicate that O-glycidyl systems are considerably more prone to 
cleavage than jV-glycidyl systems. There has been little published on the effects of 
oxidative ageing of epoxy matrices on composite mechanical properties and there is 
clearly a need to determine these effects in view of the fact that damage was observed in 
the O-glycidyl systems at temperatures expected of normal service.
6.4 Thermo-oxidative ageing of 2.0mm thick epoxy specimens.
In order to gain an understanding of the possible effects which thermo-oxidative ageing may 
have on the thermal and mechanical properies of carbon fibre composites, the effects of 
oxidation on the flexural modulus, Tg and gravimetric changes of some selected matrix 
resins cast as 2.0mm thick bars was studied. Five combinations of epoxy /curing agent 
matrix systems were examined:
1. TGDDM/DDS was selected to determine the effects on the baseline matrix.
2. CI2-TGDDM/DDS was the matrix with the best hot/wet composite properties.
3. XD7342/DDS offered a high Tg but had shown reductions in Tg with thermo- 
oxidative ageing of thin film castings.
4. TGDDM/1062 offered a baseline for reduced water absorption with the novel 
hydrophobic curing agent, but the effects of oxidation on the properties of the 
matrix using this curing agent had not been explored.
5. CI2-TGDDM/1062 offered good hot/wet composite properties compared with 
TGDDM/Epon 1062, but the effects of oxidative ageing had not been investigated.
The five epoxy matrices selected for examination were cast as resin bars 2mm thick using 
the technique described in Chapter 2. The samples were fully cured in a vacuum oven, the 
final cure temperature being determined by DMTA in each case. The samples were dried to
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constant weight then placed in an air-circulating oven at 150°C. The effects of thermo- 
oxidative ageing were monitored by measuring the weight loss, flexural modulus, and Tg at 
pre-determined times. After measuring the flexural modulus at a maximum load of 0.04kN 
to minimise failure rates, the surviving samples were returned to the oven for further 
oxidation.
6.4.1 DMTA studies.
The results obtained by monitoring the changes in Tg by DMTA are shown below in Table
6.2 and Figure 6.12. The A-glycidyl based TGDDM system and its halogen substituents all 
showed little change in Tg indicating a remarkable stability to thermo-oxidative ageing and 
confirm the results obtained for the thin (0.5mm thick) specimens reported earlier. In fact, 
TGDDM/DDS, CI2-TGDDM/DDS and CI2-TGDDM/IO6 2  all showed a slight increase in 
Tg with increased ageing at 150°C which can probably be attributed to an increase in 
crosslink density associated with further cure. All the specimens showed a gradual colour 
change with increasing ageing time, changing from an amber-brown colour to a very dark 
brown or black.
Table 6.2 The effect of thermo-oxidative ageing on the T„ [log(E”)] of the epoxy test bars.
Matrix system Initial 28 days at 
150°C
84 days at 
150°C
168 days at 
150°C
TGDDM/DDS Tg r c ) 260 268 270 272
CI2-TGDDM/DDS TgfC) 260 - 268 270
XD7342/DDS TgCC) 325 224*,328 215*,328 223
TGDDM/1062 TgCO 242 244 232 238
CI2-TGDDM/IO6 2 Tg(“C) 232 232 227 238
* secondary loss modulus peak caused by oxidised zone with lower T, 
(N.B. the values of Tg are approximately +/- 3°C)
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Figure 6.12 Plot of Tg [log(E”)] V5 ageing time (days) at 150”C in air.
Contrasting with the stability of the #-glycidyl based systems, the test bars of 
XD7342/DDS showed a dramatic reduction in Tg as a result of thermo-oxidation, and are 
in agreement with the observed trend of Tg reduction for 0.5mm thick specimens. 
Interestingly, unlike the 0.5mm XD7342/DDS specimens, the DMT A results of the 2.0 
mm thick specimens shown in Figures 6.13-16 indicate that the specimens comprised two 
phases, with a core of unoxidised material showing a high Tg whilst the outer part of the 
specimen was increasingly oxidised and showed a much reduced Tg. This oxidised outer 
part of the specimen became more dominant with increasing time at 150°C until it could 
be regarded as the major part of the specimen. The depth of this oxidised material was 
measured by abrading away an increasing pre-determined depth of each outer surface of 
the specimens and measuring the Tg of the abraded specimen. Surprisingly, the DMT A 
results shown in Figures 6.17-19 indicate that the network damage appears to be confined 
to just the outer surfaces of the specimens to a depth of less than 0.1mm. Figure 6.18 
shows that the specimen with 0.10mm removed from the oxidised outer surfaces 
produced a DMT A trace similar to the unaged specimens, with no indication of an 
oxidised zone of lower Tg. DMT A in the flexural bending mode is particularly sensitive 
to the properties of the outer part of the specimen, therefore the two loss modulus peaks 
[log(E”)] produced by the two phases in the DMT A trace are not quantitative. Thus, 
DMT A produces an exaggerated effect of the degree of network damage to the specimen.
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because of the magnified intensity of the first loss modulus peak [log (E”)] at the lower' 
temperature caused by the outer zone of reduced Tg. The darkening of the specimens due 
to oxidation, which resulted in an almost black appearance, was gradually reduced as the 
surfaces were abraded to a greater depth, until the point at which 0.1mm was abraded, 
where the samples had a similar amber colour to the unaged specimens, concurring with 
the indicated depth of oxidation shown by the DMT A results of surface abraded 
specimens.
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Figure 6.13 DMT A trace of unaged XD7342/DDS epoxy test bar (2.0mm thick)
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Figure 6.14 DMT A of XD7342/DDS test bar (2.0mm thick) after 28 days in air at 150°C.
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Figure 6.15 DMT A of XD7342/DDS test bar (2.0mm thick) after 84 days in air at 150°C.
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Figure 6.16 DMTA of XD7342/DDS test bar (2.0mm thick) after 168 days in air at 150°C 
indicating the dominance of the secondary loss modulus peak [log(E”)] at lower 
temperature caused by oxidised outer layer.
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Figure 6.17 DMTA of XD7342/DDS (168 days in air at 150°C), outer 0.01mm removed.
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Figure 6.18 DMTA of XD7342/DDS (168 days in air at 150°C), outer 0.10mm removed.
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Figure 6.19 DMTA of XD7342/DDS (168 days in air at 150°C), outer 0.40mm removed.
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6.4.2 SEM examination of oxidised surfaces.
SEM examination of the surfaces of unaged and thermo-oxidatively aged A-glycidyl 
based specimens showed very little difference in appearance. Figures 6.20 (a) and (b) 
show the slight difference observed between the surfaces of TGDDM/DDS unaged and 
after 168 days at 150°C respectively. Figure 6.20(b) shows at fairly high magnification 
(xl500) what appears to be loose surface debris but no indication of cracking or surface 
penetration due to oxidative damage.
xlSOO 
(a) unaged surface
xl500
(b) surface after 168 days in air at 150°C
Figure 6.20 SEM examination of surfaces of TGDDM/DDS (a) unaged, (b) after 168 
days in air at 150°C
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In contrast, the XD7342/DDS system is shown unaged in Figure 6.21(a), and after 168 
days at 150°C in Figure 6.21(b), where even at fairly low magnification (x40) there is 
some indication of surface cracking and pitting.
(a) x400 (b) x40
Figure 6.21 SEM examination of surfaces of XD7342/DDS (a) unaged, and (b) after 168 
days in air at 150°C.
Closer examination of the fracture surface of an XD7342/DDS specimen after 168 days at 
150°C is shown at ~ x2000 magnification in Figure 6.22. The lower half of this picture 
shows the oxidatively damaged outer surface of the test specimen, with a porous texture 
and possible damage penetrating to shallow depths - approximately 5-10 pm. The top half 
of the picture shows the fracture surface and represents a partial cross-section of the 
specimen. The hole, visible on the middle right, is probably the site which initiated the 
failure in flexural mode, and appears to coincide with the limit of the outer zone of 
oxidised polymer noted by its porous texture. This surface-oxidised zone appears to be 
only about 15 pm deep, which also concurs with the results obtained by DMTA on
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surface-abraded specimens which indicated shallow surface oxidation to a depth of about 
0.10mm.
x2 0 0 0
Figure 6.22 SEM examination of fracture surface of XD7342/DDS (2.0mm thick epoxy 
bar) after 168 days in air at 150°C.
6.4.3 Gravimetric studies of 2.0mm thick epoxy specimens aged in air at 150”C.
Table 6.3 shows the measured changes in weight with increasing time of thermo-oxidative 
ageing at 150°C. The TGDDM/DDS and CI2-TGDDM/DDS systems both showed a slight 
weight reduction (-1.48% and -2.01% respectively after 168 days). These weight losses 
are almost half that measured for the 0.5mm thick specimens of the same epoxy systems, 
but this is probably not surprising in view of the very shallow depth of surface oxidative 
degradation. TGDDM/1062 and CI2-TGDDM/IO6 2  showed the highest weight losses (- 
2.23% and -2.26% respectively after 168 days), whereas XD7342/DDS showed the lowest 
weight loss (-0.25%) in line with the observations of the 0.5mm specimens.
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Table 6.3 The effect of thermo-oxidative ageing at 150°C on mean % weight change (+/- 0.05%).
M a trix  sy s te m In itia l 2 8  d a y s  at 
150°C
8 4  d a y s  at 
15 0°C
16 8  d a y s  at 
15 0°C
T G D D M /D D S % W t. - -0 .2 7 -0 .8 5 -1 .4 8
CI2-T G D D M /D D S % W t. - -0 .4 4 -1 .2 4 -2 .0 1
X D 7 3 4 2 /D D S % W t. - -0 .0 9 - 0 . 0 2 -0 .2 5
T G D D M /1 0 6 2 % W t. - -0 .3 5 - 1 .0 1 - 2 2 3
CI2-T G D D M /IO 6 2 % W t. - -0 .3 9 -1 .0 5 -2 .2 6
6.4.4 The effects of thermo-oxidative ageing on flexural modulus
T h e  e f fe c ts  o f  th e r m o -o x id a tiv e  a g e in g  o n  flex u ra l m o d u lu s  are s h o w n  b e lo w  in  T a b le  6 .4  
an d  F ig u r e  6 .2 3 . T h e  T G D D M /D D S  and  CI2-T G D D M /D D S  s y s te m s  b o th  s h o w e d  a  
grad u a l in cr e a se  in  fle x u r a l m o d u lu s  w ith  t im e , b u t fe l l  s l ig h t ly  a fter  1 6 8  d a y s . T h e  
f le x u r a l m o d u lu s  o f  T G D D M /D D S  rem a in ed  a b o u t + 5 %  h ig h e r  th a n  its  in it ia l v a lu e  e v e n  
after  a g e in g  fo r  16 8  d a y s . T h is  o b se rv a tio n , in  a d d itio n  to  th e  o b se r v e d  in c r e a se s  in  Tg, is  
p r o b a b ly  an  in d ic a tio n  o f  in cr e a sed  c r o ss lin k  d e n s ity  c a u se d  b y  further cu re  a t th e  
e x te n d e d  t im e  at 1 5 0 °C . X D 7 3 4 2 /D D S  a lso  sh o w e d  a  grad u al in cr e a se  in  f le x u r a l  
m o d u lu s  in it ia lly , a g a in  p ro b a b ly  d u e  to  further c r o s s lin k in g , b u t th e n  f e l l  s l ig h t ly  a fter  
16 8  d a y s  w h ic h  p erh ap s r e f le c ts  th e  h ig h er  d e g re e  o f  su r fa ce  n e tw o rk  d e g ra d a tio n  an d  
m a y  a ls o  b e  a  r esu lt o f  n e tw o rk  r e la x a tio n  c a u sed  b y  th erm a l p h y s ic a l  a g e in g  at 1 5 0 °C  
w ith  th e  r ed u c ed  Tg o f  th is  sy s te m . T G D D M /1 0 6 2  an d  CI2-T G D D M /1 0 6 2  b o th  s h o w e d  a  
v e ry  sm a ll in itia l fa ll in  b o th  flexu ra l m o d u lu s  and  Tg, fo llo w e d  b y  a  s lig h t in crea se  w h ic h  
w a s  attributed  to  ftirther cure.
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Table 6.4 The effect of thermo-oxidative ageing at 150°C on mean flexural modulus* of
cured epoxies.
Matrix system Initial 28 days at 
150°C
84 days at 
150°C
168 days at 
150°C
TGDDM/DDS Flex. Mod. (GPa) 4.06 (1.4) 4.20 (1.1) 4.38 (1.1) 4.22 (1.1)
CI2-TGDDM/DDS Flex. Mod. (GPa) 4.78 (1.6) 4.91 (2.2) 5.00 (1.9) 4.72 (3.1)
XD7342/DDS Flex. Mod. (GPa) 3.60 (1.9) 3.73 3.91 (1.9) 3.82 (2.Q;
TGDDM/1062 Flex. Mod. (GPa) 3.62 (0.9) 3 .5 7  (6.3) 3.78 4.05 (2.2)
CI2-TGDDM/IO6 2 Flex. Mod. (GPa) 4.13 (1.2) 3.97 (1.1) 4.08 (2.6) 4.27 (2.2)
*The values in parentheses with the flexural modulus values are the percentage coefficients 
of variation (c.v.).
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Figure 6.23 The effect of thermo-oxidative ageing at 150°C on the flexural modulus of 
cured epoxies.
Thus, effects of thermo-oxidation at 150° C on the cured epoxy resin properties showed 
dramatic differences between the jV-glycidyl and (9-glycidyl sysytems. The tris-0- 
glycidyl system XD7342 was especially prone to thermo-oxidative damage with a 
dramatic reduction in Tg within a relatively short time scale. A summary of the complete 
results is shown below in Table 6.5.
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Table 6.5 Summary of the effects of thermo-oxidative ageing in air at 150°C on the Tg 
[log(E”)], flexural modulus, and weight changes of the selected epoxy resin test-bars.
Epoxy system Initial 28 days 
150°C
84 days 
150°C
168 days 
150°C
TGDDM/DDS % Wt change - -0.27 -0.85 -1.48
TgCC) 260 268 270 272
Flex.Mod.(GPa)* 4.06 4.20 4.38 4.22
(1.4) (1 .1) (1 .1) (1 .1)
CI2-TGDDM/DDS % Wt change - -0.44 -1.24 -2 .0 1
TgCC) 260 - 268 270
Flex.Mod.(GPa)* 4.78 4.91 5.00 4.72
(16) (2 .2 ) (19) (3 1)
XD7342/DDS % Wt change - -0.09 -0 .0 2 -0.25
Tg(°C) 325 224,328 215,328 223
Flex.Mod.(GPa)* 3.60 3.73 3.91 3 j2
(19) (1.4) (19) (2 .0 )
TGDDM/1062 % Wt change - -0.35 -1 .0 1 -2.23
Tg(°C) 242 244 232 238
Flex.Mod.(GPa)* 3.62 3.57 3.78 4.05
(0.9) (63) (19)
CI2-TGDDM/IO6 2 % Wt change - -0.39 -1.05 ^L26
Tg (°C) 232 232 227 238
Flex.Mod.(GPa)* 4.13 3.97 4.08 4.27
(1 2 ) (1 .1) (3.6)
*The values in parentheses with the flexural modulus values are t 
of variation (c.v.).
le percentage coefficients
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6.5 Thermo-oxidative ageing of the selected carbon fibre/epoxy composites.
6.5.1 Introduction
Having determined the relative effects of thermo-oxidative ageing on cured epoxy 
properties, the effects of thermo-oxidative ageing in air at 150°C on carbon fibre composite 
properties were evaluated utilising the same five epoxy systems examined previously as 
2.0mm resin bars. The uni-directional composite specimens were prepared using the 
method described in Chapter 2, dried to constant weight in a vacuum oven then oxidatively 
aged at 150°C in air, and samples removed for testing at the pre-determined times. Samples 
were measured for weight loss, Tg and ILS S.
6.5.2 DMTA studies
Table 6.6 and Figure 6.24 show that the composites comprising iV-glycidyl based matrices 
all showed little change in Tg, with minor increases indicating a slight increase in crosslink 
density which was also observed with the epoxy resin test bars reported earlier.
Table 6.6 The effect of thermo-oxidative ageing on the mean Tg [log(E”)] of the carbon 
fibre/epoxy composite test bars.
Matrix system Initial 28 days at 
150°C
84 days at 
150°C
168 days at 
150°C
365 days at 
150°C
TGDDM/DDS Tg(“C) 263 264 266 266 266
CI2-TGDDM/DDS Tg(°C) 265 270 272 272 272
XD7342/DDS Tg(“C) 329 218*,325 216*,323 234**,321 250**,318
TGDDM/1062 TgCC) 234 234 234 232 234
CI2-TGDDM/IO6 2 Tg CQ 238 241 242 242 244
* secondary loss modulus peak caused by oxidised zone with lower Tg
[N.B. measured values of Tg taken as +/- 3°C, unless otherwise indicated (**) where peaks
are broader and measured values of T„ taken as +/- 10°C ].
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Figure 6.24 Plot of Tg [log(E”)] vs ageing time (days) at 150°C in air.
In contrast to the iV-giycidyl sytems, the DMTA of the XD7342/DDS composite showed the 
formation of a second loss modulus peak [log(E")] which indicated a rapid fall in Tg after 
just 28 days at 150 C, this concurs with the results of the oxidised resin specimens reported 
earlier. This system also showed a slight recovery in Tg with increasing ageing times which 
was more prominent than that observed with the oxidised epoxy bars. Although this increase 
in Tg might be attributed to the higher error in determining an accurate measurement of Tg 
due to the broad loss modulus peak, it might also be an indication of additional crosslinking. 
The DMTA traces shown in Figures 6.25-6.29 demonstrate the increasing intensity of the 
loss modulus peak due to the oxidised outer layer of the composite. It is notable, however, 
that this secondary loss modulus peak is not as dominant as that observed with the oxidised 
epoxy test bars of XD7342 and may be an indication of greater stability of the composite 
specimens.
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Figure 6.25 DMTA of unaged XD7342/DDS composite.
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Figure 6.26 DMTA of XD7342/DDS composite after 28 days in air at 150°C.
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Figure 6.27 DMTA of XD7342/DDS composite after 84 days in air at 150°C.
151
- 9 .11 0 . 6 -
- 9 .01 0 .5 -
3 2 0 . 7 1  "C
- 8 .91 0 .4 -
10a - 8 .1 0 .3 -
H  1 0 . 2 -  
1 0 . 1 -
a
c
T3 1 0 .0 -
m
2 3 3 . 7 1  *C
- 8 . 6
- 8 .5
- 8 . 4
- 8 . 39 . 8 -
9 . 7 -
350300250200
Temperature (*C)
150100500
- 8 . 7  u
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Figure 6.29 DMTA of XD7342/DDS composite after 365 days in air at 150°C.
6.5.3 SEM examination of oxidised composite surfaces
SEM examination of the surfaces of the composite specimens indicate a remarkable stability 
to thermo-oxidative ageing and show very little difference, if any, between unaged and aged 
specimens. Figure 6.30 (a) and (b) show only very minor differences in surface irregularity 
between unaged and aged XD7342/DDS respectively at x700 magnification; these 
irregularities are less prominent than the surface damage observed with the epoxy bars.
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Figure 6.30 SEM examination of XD7342/DDS composite surfaces (a) imaged, (b) after 
168 days in air at 150°C.
6.5.4 Gravimetric studies of carbon/epoxy composite specimens aged in air at 150”C.
Table 6.7 shows that TGDDM/DDS, and CI2-TGDDM/DDS both suffered only minor 
reductions in weight (~ -1%) after 365 days at 150°C. TGDDM/1062 and CI2- 
TGDDM/1062 showed only slightly higher reductions in weight (~ -1.4%), while 
XD7342/DDS showed a very small weight change (-0.3%).
Table 6.7 The effect of thermo-oxidative ageing at 150°C on mean weight changes 
(+/- 0 .0 2 %) of the carbon fibre/epoxy composite test bars.
Matrix system Initial 28 days at 
150°C
84 days at 
150°C
168 days at 
150°C
365 days at 
150°C
TGDDM/DDS Wt.change (%) - -0 .1 2 -0.30 -0.46 -0.83
CI2-TGDDM/DDS Wt.change (%) - -0.14 -0.31 -0.51 -1.08
XD7342/DDS Wt.change (%) - -0 .0 2 -0 .1 1 -0.23 -0.34
TGDDM/1062 Wt.change (%) - -0.26 -0.50 -0.74 -1.29
CI2-TGDDM/IO6 2 Wt.change (%) - -0.18 -0.41 -0.63 -1.42
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These composite weight losses show a similar trend to the 2.0mm thick resin bars, but the 
weight losses are approximately half of those measured for resin bars. If it is assumed that 
the carbon fibre phase is affected little by oxidation in air at 150°C, the major change in 
weight can be attributed to the epoxy phase. Thus, the minor changes in composite weight 
are not surprising as the composite comprises by weight approximately 70% carbon fibre 
and 30% epoxy resin. This is confirmed in Table 6 .8  which shows that normalised values of 
weight losses attributed to the epoxy phase in the composites are very similar (except for 
XD7342/DDS) to weight loss values measured for the 2.0mm epoxy test bars reported 
earlier and shown in parentheses.
Table 6 .8  The effect of thermo-oxidative ageing at 150"C: normalised mean weight change 
(+/- 0 .0 2 %) for the epoxy phase of the carbon fibre composites compared with those 
obtained for the 2 .0 mm thick epoxy test bars which are shown in parentheses.
Matrix system Initial 84 days at 
150°C
84 days at 
150°C
168 days at 
150°C
TGDDM/DDS Wt.change (%) -0.41
(-0.27)
-1 .0 1
(-0.85)
-1.56
(-1.48)
CI2-TGDDM/DDS Wt.change (%) -0.45
(-0.44)
-1 .0 1
(-1.24)
-1 .6 6
(-2 .0 1 )
XD7342/DDS Wt.change (%) -0.06
(-0.09)
-0.34
(-0 .0 2 )
-0.72
(-0.25)
TGDDM/1062 Wt.change (%) -0 .8 8
(-0.35)
-1.70
(-1 .0 1 )
-2.52
(-2.23)
CI2-TGDDM/IO6 2 Wt.change (%) -0.64
(-0.39)
-1.45
(-1.05)
-2.24
(-2.26)
6.5.5 Effects of thermo-oxidative ageing on carbon/epoxy composite ILSS
Despite the long ageing time of up to one year at 150°C, the composite ILSS properties 
remained relatively unaffected in most cases. The results are shown below in Table 6.9 and 
in Figures 6.31 (ILSS at 120°C) and 6.32 (ILSS at 150°C).
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Table 6.9 The effect of thermo-oxidative ageing at 150°C on the mean ILSS* of the carbon
fibre/epoxy composites at 120°C and 150°C.
Matrix system ILSS
(MPa)
Initial 28 days at 
150°C
84 days at 
150°C
168 days at 
150°C
365 days at 
150°C
TGDDM/DDS 120"C
150°C
8 9 # ^
80 (2.0)
91 (8.1) 
81 (1.7)
89 (2.5) 
78 (1.5)
87 (2.1) 
79 (1.9)
84 (5.8) 
78 (2.5)
C1,-TGDDM/DDS
[■
1 2 0 "C
150°C
93(1%
85 (1.8)
92
84 (8.6)
91 (5.6) 
80 (2.0)
91 (8.2) 
81 (4.1)
8 8  (5.7) 
78 (4.0)
XD7342/DDS 120"C
150°C
71 ff.T; 
67
73
6 8
71 (5.0) 
70 (2.0)
71 (4.6) 
6 6  (6.9)
70 (4.7) 
65 (6.7)
TGDDM/1062 120"C
150°C
72 (%^
60 (7.1)
78(%#
6 7 (2 ^
77(%#
69 (4.9)
74 (3.^
6 6  (2.2)
75 (5.9) 
6 8  (5.5)
CI2-TGDDM/IO6 2 120"C
I50°C
78
6 6 (%%
76 (1.7) 
67 (8.1)
77 (%.;) 
6 8 (2 %
73 (8.9) 
65
74 (4.8) 
6 6  (6.9)
*(The values in parentheses are the percentage coefficients of variation for mean ILSS)
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Figure 6.31 The effect of thermo-oxidative ageing at 150°C on composite ILSS at I20°C.
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Figure 6.32 The effect of thermo-oxidative ageing at 150°C on composite ILSS at 150°C.
TGDDM/DDS and CI2-TGDDM/DDS show slight falls in ILSS values (-2 to -5%) after 365 
days at 150°C which reflect the observed falls in flexural modulus with oxidative ageing of 
the epoxy resin bars. In contrast, TGDDM/1062 shows an increase in ILSS 'with ageing time 
agreeing with the observed rise in flexural modulus of the epoxy and associated with 
increasing cross-link density. The ILSS values of CI2-TGDDM/1062 appear to be affected 
very little with thermo-oxidative ageing. The most notable observation is that despite the 
severe surface oxidative damage of XD7342/DDS resin, this was was not reflected in the 
composite ILSS results. The ILSS values of XD7342 hardly changed with oxidative ageing, 
only a very minor rise initially followed by a slight fall (-2%) mirroring the flexural 
modulus changes being observed. This result is perhaps not surprising as the surface 
damage will not be reflected by ILSS values which are attributed to the maximum shear at 
the centre of the specimens.
These results suggest that the carbon fibre/epoxy composite samples were fairly resistant to 
oxidation. Despite changes in weight and Tg, the ILSS values remain relatively unchanged 
with extended time at 150°C. Overall, there does appear to be a correlation between the rise 
or fall in epoxy flexural modulus coinciding with a rise or fall in ILSS. The CI2- 
TGDDM/DDS matrix has the highest flexural modulus which undoubtedly contributes to its 
high ILSS and may indicate better composite compression properties.
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6.6 The combined effects of thermo-oxidative ageing followed by hygrothermal ageing
on composite properties
6.6.1 Introduction
In service conditions, a composite may be expected to perform at elevated temperatures 
followed by a period of hygrothermal ageing in an environment of high humidity. The 
damaging effects of combined thermo-oxidative and hygrothermal ageing are thus 
extremely important when selecting a matrix for high performance structural applications. 
These combined effects have not been previously studied for epoxy matrices and to a large 
extent the effects have been little understood. In the previous chapter it was shown that 
thermo-oxidative ageing produces a dramatic fall in the glass transition temperature of both 
polymer castings and composites prepared from a high performance 0-glycidyl system 
designed for high temperature applications. In this exercise, the combined effects of 
oxidation at 150°C for an extended period of -4000 hours (168 days) followed by 
hygrothermal ageing were investigated with respect to composite performance. The 
programme was designed to determine if hygrothermal ageing after oxidative ageing caused 
a further reduction in composite ILSS properties compared with hygrothermal ageing alone.
Carbon fibre composite samples comprising the same five matrix systems examined in the 
composite oxidation study reported earlier, were oxidatively aged for 168 days at I50°C in 
air, then hygrothermally aged at 70°C/83% RH for approximately 150 days by which time 
saturation levels had been reached. The specimens were then removed, weighed to 
determine weight gain and tested for ILSS at 120 and 150°C.
6.6.2 Composite moisture absorption
Table 6.10 shows that in general, there was a noticeable increase in the saturation levels of 
moisture absorption of the thermo-oxidatively aged composites compared with the 
unoxidised samples. The composites with jV-glycidyl based matrix systems all picked up 
between 15 to 20% more moisture than the saturation levels of unoxidised composites. 
Interestingly, the 0-glycidyl based XD7342/DDS composites actually absorbed about 5%
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less water than the imoxidised specimens, which suggests a reduction in free-volume 
resulting from relaxation of the oxidised network due to physical ageing and concurs with 
the slight reduction in flexural modulus noted after 168 days ageing in air at 150°C.
Table 6.10 The effect of thermo-oxidation at 150°C followed by hygrothermal ageing on 
composite moisture absorption. Mean percentage moisture contents (+/- 0.02%) are based 
on weight increases with respect to the dry weights of oxidised specimens.
Matrix system Unoxidised composites aged 
-150 days at 70°C/83% RH 
moisture content (%)
Composites aged 168 days at 150°C 
+ -1 5 0  days at 70°C/83% RH 
moisture content (%)*
TGDDM/DDS 1.37 1.64 (+19.7%)
CI2 -TGDDM/DDS 1.15 1.33 (+15.6%)
XD7342/DDS 1.30 1.24 (-4.6%)
TGDDM/1062 0.87 1 . 1 0  (+16.1%)
CI2 -TGDDM/IO6 2 0.71 0.84 (+18.3%)
* values in parentheses are the % increases in moisture content compared with unoxidised specimens that 
were hygrothermally aged under the same conditions.
6.6.3 Hot-wet ILSS measurements at 120°C and 150”C
The combined effects of thermo-oxidative ageing followed by hygrothermal ageing on 
composite ILSS are shown in Table 6.11 and Figures 6.33 (ILSS at 120°C) and 6.34 (ILSS 
at 150°C). The increased moisture absorption as a result of thermo-oxidation followed by 
hygrothermal ageing, produced further decreases in ILSS both at 120°C and 150°C 
compared with the composites which were just hygrothermally aged. Although mean ILSS 
values were reduced by a further 8 to 13%, the CI2-TGDDM/DDS composites again 
retained the highest values; the hatched areas on the bar charts demonstrate improvements 
over the standard TGDDM/DDS system. Although the XD7342/DDS composites showed a 
5% reduction in moisture absorption, the mean ILSS values were actually reduced 
significantly by a ftirther 15%, suggesting ftirther degradation of the matrix or interface. The 
CI2-TGDDM composites cured with 1062 proved to be less stable than those cured with 
DDS and resulted in a 15% reduction in ILSS values at 150°C.
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Table 6.11 The effect of thermo-oxidation at 150°C followed by hygrothermal ageing (-150
days at 70°C/83% RH) on composite mean ILSS* at 120°C and 150°C.
Matrix system Unoxidised composites aged 
-150 days at 70°C/83% RH 
Mean ILSS (MPa) 
120°C 150°C
Composites aged 168 days at 150°C 
+ -150 days at 70°C/83% RH 
Mean ILSS (MPa)
120°C 150°C
TGDDM/DDS 54 (2.0) 44(4.7) 49 (4.7) 40 (2.4)
CI2-TGDDM/DDS 60(5.0) 48 (5.9) 52#% 44 (3.1)
XD7342/DDS 41 (4.0) 36(4.1) 35(%% 31
TGDDM/1062 55 (5.0) 44 (4.5) 52 (2.3) 42 (2.9)
CI2-TGDDM/IO6 2 59 47 (4.5) 49 (5.1) 40 (J.j)
*(The values in parentheses are the percentage coefficients of variation fbrmean ILSS)
prove m ent over TGDDM/DDS
0CÜ 4 0
%
TGDDM/DDS I CI,-TGDDM/DDS I X D 7342 /D D S  I TGDDIVI/1 0 6 2  jClg-TGDDM/IOGZ
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Figure 6.33 The combined effect of oxidative ageing at 150°C followed by hygrothermal 
ageing (—150 days at 70°C/83% R.H.) on mean ILSS of composites at 120°C.
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Figure 6.34 The combined effect of oxidative ageing at 150°C followed l^y hygrothermd 
ageing (-150 days at 70°C/83% R.H.) on mean ILSS of composites at 150°C.
Thus, the combined effects of oxidative ageing followed by hygrothermal ageing show 
further significant reductions in mean ILSS values of the composites, which were 
associated in general, with increased moisture absorption as a result of thermo-oxidative 
ageing. The increase in moisture can probably be attributed to thermo-oxidative ageing 
producing hydrophilic groups at the surface layer of the composite. These groups will 
subsequently attract water molecules when the composites are hygrothermally aged and 
hence cause an increased concentration of water distributed through the composite. This 
additional moisture has clearly increased levels of moisture at the centre of the composite 
speeimens because ILSS values fell by a further 10-15% compared with the composites 
which were simply hygrothermally aged. These decreases in ILSS may have an affect on 
composite performance in service situations where high temperatures are followed by 
ageing in a humid environment.
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Chapter 7.
Conclusions
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7.1 Conclusions
The predominance of epoxies in the manufacture of structural composites for aerospace use 
is expected to continue well into the next century. High performance carbon fibre epoxy 
composites for aerospace structural applications continue to be based predominantly upon 
the tetrafimctional epoxy system TGDDM cured with DDS. Absorption of environmental 
moisture and its damaging effect on composite performance has been recognised as a major 
problem Avith TGDDM systems. Thus, although they provide materials with an acceptable 
dry Tg of about 265°C, their use in humid environments is limited to about 125°C.
Although high crosslink density is associated with high Tg, the limiting factor in composite 
applications is that good hot-dry properties are often accompanied by poor hot-wet 
properties. Because of these problems, a major objective of this research was to identify 
matrix materials with a lower water affinity without compromising the Tg value.
This research programme has provided an insight into the complex relationships between 
matrix Tg, moisture uptake and derived composite mechanical performance as measured by 
ILSS. It also established the very different behaviour displayed by 0-glycidyl systems 
compared with A-glycidyl systems when subjected to thermo-oxidative ageing at 150°C. 
Synergistic effects of thermo-oxidation followed by hygrothermal ageing which have been 
studied little in the past, were also shown to increase moisture absorption resulting in a 
further fall in thermal and mechanical properties.
All the research objectives were achieved. A sufficient quantity of the halogen-substituted 
TGDDM systems was synthesised for the programme, and void-fiee bulk polymer test 
specimens of all the epoxy systems of interest were prepared successfully. Thus, a selection 
of 0-glycidyl and A-glycidyl epoxy systems were obtained which offered varying levels of 
moisture uptake.
Very high quality composite bars with low void contents and low percentage coefficients of 
variation in mean ILSS were prepared with the eight combinations of epoxy and curing 
agent using an improved compression moulding system. The use of a computer-controlled
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heating programme on the hydraulic press enabled fairly accurate process conditions to be 
determined and when these were combined with viscosity profiles obtained during 
rheological cure studies, they offered a rapid optimisation of processing conditions for novel 
epoxy matrices. It was essential to obtain high quality composite bars in order to determine 
the effect of water absorption on composite properties at elevated temperature. Very low 
variation in mean ILSS enabled an accurate determination of even slight improvements in 
ILSS at elevated temperatures and the relationship to reduced water absorption
Initial studies of thermo-oxidative ageing at 150°C demonstrated that O-glycidyl systems 
were more prone to damage than V-glycidyl systems, and resulted in reduced values of Tg. 
FTIR studies suggested mechanisms of oxidation and offered an explanation for the 
differences in thermo-oxidative ageing which were observed. Although the 0-glycidyl 
polymer specimens demonstrated falls in Tg, it was shown that the damage was limited to a 
very shallow level of the outer layers of the specimens. Thus, the derived composite 
properties such as ILSS were not affected by thermo-oxidative ageing because the major 
effects of shear are apparent at the centre of the specimens. However, the synergistic effects 
of thermo-oxidative ageing followed by hygrothermal ageing produced additional levels of 
moisture uptake when compared with composites which were only hygrothermally aged. 
This effect was noted with both V-glycidyl and 0-glycidyl matrices and resulted in further 
reductions in ILSS.
It was established that the introduction of substituted halogen into a TGDDM system 
decreases water absorption without a significant reduction in Tg. Thus, a major objective of 
this research programme was to determine the effects of hygrothermal and oxidative ageing 
(typical of extreme service environments) on bulk polymer and derived composite 
properties and to demonstrate improvements compared with the baseline TGDDM/DDS 
systems and other novel systems. The halogen substituted system CI2-TGDDM/DDS 
offered the best potential as a candidate composite matrix system with improved hot-wet 
properties owing to its reduced water absorption and high flexural modulus combined 
with a Tg comparable with TGDDM. The other combinations of epoxy and curing agents 
also offered varying degrees of moisture reduction which were tempered by reductions in 
Tg and/or flexural modulus. These matrix systems formed the candidate matrix systems
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evaluated as composites and the relative effects of hygrothermal ageing and thermo- 
oxidative ageing were studied in detail.
In the initial evaluation of unaged composite properties the halogenated epoxy systems 
offered slightly better ILSS values than TGDDM/DDS composites at elevated temperatures, 
combined with comparable glass transition temperatures. The CI2-TGDDM/DDS matrix 
system offered the highest ILSS value at 150°C, combined with a slightly higher Tg and 
accompanied by only a minimal rise in composite density. Lower ILSS values were 
obtained for the composites prepared with the proprietary high temperature/low water 
absorption epoxy matrix systems.
The relationship between moisture uptake and the ratio of wet ILSS to dry ILSS is 
complex since the proximity of both dry and wet TgS to the test temperature has a major 
influence on matrix properties. There was a severe fall in ILSS values both at 120°C and 
150°C after moisture saturation of the composite specimens for all the epoxy matrices 
examined, but the halogen-substituted TGDDM systems offered significant improvements 
in the retention of ILSS compared with TGDDM/DDS. The CI2-TGDDM/DDS proved to 
be the best system with ILSS values about 10-15% higher than TGDDM/DDS both at 
120°C and 150°C.
Thus, the relationship between Tg, water absorption and ILSS is complex. A higher Tg 
matrix is usually associated with a higher level of water absorption. The absorbed moisture 
plasticises the matrix and thus will reduce the mechanical properties at elevated 
temperatures, and especially the hot/wet ILSS. However, a high Tg is required of the matrix 
to provide high ILSS at 150°C, which combined vdth the advantage of a reduced water 
absorption can confer good hot/wet ILSS properties. The CI2-TGDDM/DDS matrix 
combined all these properties and offered both the best dry and hot/wet properties of all the 
matrix systems.
164
7.2 Future work
The CI2-TGDDM epoxy matrix offers the potential of substantial improvements in the hot- 
wet composite performance required of high performance aircraft structural applications. 
The additional benefit of the cured bulk polymer offering a 20% higher flexural modulus 
than the base line TGDDM system also offers potential benefits in composite compressive 
properties. The composite processing conditions of the CI2-TGDDM/DDS were comparable 
to the proprietary TGDDM/DDS system and thus should be applicable to conventional 
autoclave processing methods. The synthesis route produced good yields of this halogen 
substituted epoxy and avoided the use of carcinogenic diamine precursors.
Discussions have been held with a major epoxy resin/composite manufacturer and a 
comprehensive evaluation of composite properties is proceeding.
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